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 The development of an organ involves establishment of its shape, which is often 
critical for proper function. Perhaps the most striking case where organ shape dictates 
function is in the vertebrate eye, where vision depends on many tissues taking on the 
correct shape, and becoming correctly oriented relative to all the other surrounding 
tissues. The basic shape of the eye is set up very early during embryogenesis, through 
development of the vertebrate optic cup. Disruptions to the early stages of optic cup 
morphogenesis can have profound effects on subsequent eye development and function. 
Therefore, understanding how the eye normally takes its shape during these early stages 
is critical to understand how the eye can become disrupted and cause vision loss or 
blindness. During optic cup morphogenesis, the developing eye is surrounded by a 
complex extracellular matrix, but the function of any given component of the 
extracellular matrix in this morphogenetic process has been unknown until now. 
Additionally, neural crest cells migrate around the optic cup during its development, but 
whether these cells are required for optic cup morphogenesis and how they shape the eye 
has remained mysterious until now. Here, we use the developing zebrafish optic cup to 
study the contribution of two extracellular matrix proteins during optic cup 
morphogenesis, laminin and nidogen. We find that both of these proteins are required for 
specific aspects of optic cup morphogenesis, and find that the neural crest which migrates 
around the developing eye is partially responsible for generating its extracellular matrix. 
This dissertation is dedicated to my mother, Holly. 
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 Developmental morphogenesis establishes the shape and structure of tissues and 
organs. Morphogenesis occurs through cellular and tissue-level movements, 
rearrangements and shape changes, in addition to any proliferation or cell death that 
occurs alongside these movements. While organ shapes may vary across species, the 
shapes those organs adopt within a species are largely consistent. With few exceptions, 
organs and the tissues that comprise them must adopt a stereotypical shape in order to 
function correctly. The morphogenetic programs that shape organs can differ widely and 
generate drastically different structures. For example, branching morphogenesis, required 
for lung, mammary and circulatory systems can give rise to vast arbors of branched 
tissues with extremely high surface areas. Other organs such as the brain and eye are 
generated through folding and rearrangements of entire epithelial sheets, which gives rise 
to exquisitely patterned and laminated structures which are critical for organ function. 
These epithelia are polarized along an apical-basal axis, and actomyosin constriction 
mediated tissue folding can occur at either end of this axis to drive shape changes in 
specific contexts. However, regulation of the site where constriction occurs is absolutely 
critical for laminated tissues like the vertebrate eye, where the proper orientation and 
positioning of multiple layers of cells is necessary for the organ to function correctly. 
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Apical constriction is the better characterized mechanism, and is responsible for folding 
events during gastrulation in sea urchin and Drosophila as well as during neural tube 
folding in vertebrates, reviewed in (Martin and Goldstein, 2014). Much less is known 
about basal constriction; it has primarily been characterized during the folding events that 
shape the zebrafish midbrain-hindbrain boundary and the medaka retina (Gutzman et al., 
2015; Martinez-Morales et al., 2009). While both apical and basal constriction rely on 
actomyosin mediated constriction, their occurrence at opposite sides of the cell suggest 
mechanistic differences in regulation of where these events occur within the cell and the 
epithelial sheet. Both instances of basal constriction also appear to be regulated through 
adherence to the basal extracellular matrix (ECM), as disruptions to attachment to the 
ECM in either system leads to disruptions in basal constriction. Despite the importance of 
these epithelial constriction programs, little else is known about how they are controlled 
along the apical-basal axis. 
 Many molecules and programs that drive morphogenesis are intrinsic to the tissue 
undergoing morphogenesis. However, most organs develop in a complex environment 
comprised of many tissues and cell types, and interactions between these tissues are 
critical for their development. Interactions between developing epithelia and surrounding 
mesenchymal cells are observed throughout the embryo, and many of these interactions 
have been characterized in the developing mouse. While signaling molecules are 
frequently responsible for tissue-tissue communication and morphogenetic remodeling 
events, mesenchymal cells also regulate epithelial morphogenesis through modifications 
to the ECM. In the tooth placode, salivary gland, lung and kidney, specific ECM 
components are required for morphogenesis of the epithelia. These ECM proteins are 
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essential for development of the epithelium, as disruptions to their function through 
antibody blocking or genetic loss causes severe morphogenetic deficits in each of these 
organs. Intriguingly, the surrounding mesenchymal cells are the sole source of many of 
those ECM components which are critical for epithelial development. 
 There is a relative abundance of examples demonstrating that organ 
morphogenesis requires interactions with the ECM in addition to entirely separate tissues 
and cell types. Despite this, our understanding of how these interactions drive specific 
morphogenetic events is still quite lacking. Not only have many organs not been 
adequately described or investigated, but the specific molecules required for many 
morphogenetic movements are still not well known. We seek to understand how the optic 
cup, the embryonic precursor to the eye, forms during development and what molecules 
are required for its formation. To understand how the embryonic optic cup takes its 
complex shape and establishes the platform that will become the adult eye, we use the 
developing zebrafish (Danio rerio) to study this process. The zebrafish optic cup 
provides a unique system to study morphogenesis, where the effects of both intrinsic 
interactions with the ECM, as well as the contribution of outside tissues and molecules 
can be observed microscopically throughout development, and disrupted through genetic 
means. 
 
Zebrafish optic cup morphogenesis 
 Optic cup morphogenesis in zebrafish occurs following the same general 
morphological principles as in other vertebrates, albeit much more rapidly than in most 
other vertebrate model systems (Kwan et al., 2012; Schmitt and Dowling, 1994). Optic 
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cup morphogenesis takes roughly 14 hours from start to finish in the zebrafish, whereas 
the same process can take days to weeks to occur in other vertebrates. Morphogenesis 
begins around 10 hours postfertilization (hpf), after the eye field has been specified 
within the anterior neural plate. The first stage of morphogenesis is bilateral evagination 
of the optic vesicles from the eye field of the developing brain, with eye field cells 
acquiring epithelial characteristics earlier than surrounding brain tissue (Ivanovitch et al., 
2013). Evagination of the optic vesicle from the midline continues until approximately 16 
hpf. As evagination continues, the optic vesicle begins to elongate in the posterior 
direction as cells within the optic vesicle begin to undergo a tissue-wide pinwheel 
movement; this series of movements occurs from approximately 12-14 hpf. During 
elongation, a furrow forms at the posterior interface between the optic vesicle and 
forebrain. The connection between the brain and optic vesicle continues to shrink as this 
furrow moves anteriorly, while the connection between the optic vesicle and forebrain 
constricts and forms the optic stalk. Around 16 hpf, the overlying ectoderm begins to 
thicken and form the lens placode. At this same time, the lateral layer of the optic vesicle 
buckles and begins to invaginate around the nascent lens placode. During invagination, 
cells in the lateral, lens-facing side of the optic vesicle begin to elongate and adopt the 
shape of neural retinal progenitor cells. Simultaneously, cells at the center of the medial, 
brain-facing layer of the optic vesicle begin to flatten; these will become the retinal 
pigment epithelium (RPE). Between 18-24 hpf, cells near the interface between medial 
and lateral layers of the optic vesicle move around the lateral margins of the optic vesicle 
to enter the neural retina; this process is called rim movement. During invagination, the 
ventral surface of the optic cup and optic stalk buckle centrally and begin forming the 
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choroid fissure, a thin, transient structure bounded by the nasal and temporal sides of the 
ventral neural retina. At 24 hpf, the lens placode has become semispherical and is 
beginning to pinch off the overlying ectoderm; this signals the end of optic cup 
morphogenesis. Once this process is complete, the optic cup is fully formed and is 
comprised of three separate tissues: the lens, neural retina, and RPE. One final movement 
of note occurs throughout the entirety of optic cup morphogenesis and continues after the 
lens separates from the ectoderm: anterior rotation. The optic vesicle initially is 
comprised of two layers oriented with the dorsal and ventral axes of the embryo. 
Throughout optic cup morphogenesis, these tissues will undergo rotation such that the 
initially dorsal layer becomes the anterior (nasal) side of the optic cup; the ventral layer 
will ultimately be oriented at the posterior (temporal) side. 
 
Extracellular matrix in optic cup morphogenesis 
 A rich and complex extracellular matrix (ECM) surrounds the vertebrate optic cup 
throughout optic cup morphogenesis. The major components of this ECM are laminin-1, 
collagen IV, heparin sulfate proteoglycans, fibronectin, and nidogen. Each of these 
proteins has been observed surrounding optic cups from many vertebrate evolutionary 
lineages (Kwan, 2014). However, despite the evolutionary conservation of expression of 
these proteins around the eye, their function during optic cup morphogenesis is still 
largely unknown. 
 Extracellular matrices have many known functions. These protein rich matrices 
serve to provide structural rigidity and stability to the tissues they surround, and are 
critical for proper mechanotransduction to attached cells and tissues (Schwartz, 2010; 
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Vining and Mooney, 2017). While there are some components which are common to all 
extracellular matrices, their makeup can vary based on the tissues that generate them. The 
composition of the ECM can in turn regulate how cells and tissues respond to interactions 
with their environment, and different ECM compositions can elicit different responses 
within the same tissue (Klaas et al., 2016). ECMs also serve to sequester signaling 
molecules such as TGF-b, and the three-dimensional conformation of the matrix or 
mechanical load on the ECM regulates availability of these signaling molecules (Hinz, 
2015). Binding to the ECM frequently serves as a survival signal for epithelia, and loss of 
contact with the ECM can cause cell death through a specialized apoptotic pathway 
called anoikis (Frisch and Francis, 1994). Finally, deposition of a basal ECM is critical 
for establishment of apicobasal polarity within an epithelial tissue. 
Of the ECM proteins known to surround the developing optic cup, the function of 
laminin is the best understood. Laminin is arguably the most important component of the 
ECM, as many studies have implicated basal secretion of laminin as the initiating event 
which precedes formation of the basement membranes which surround all organs 
(Colognato and Yurchenco, 2000). Without laminin, other matrix components are 
disorganized and a functional basement membrane does not form (Jayadev and 
Sherwood, 2017). Several recent studies have established a role of laminin in very early 
optic cup evagination and during later stages of lens morphogenesis (Ivanovitch et al., 
2013; Pathania et al., 2014; Semina et al., 2006). However, its role during the bulk of 
optic cup morphogenesis has remained unexplored. Chapter 2 of this dissertation 
describes in detail the necessity of laminin-a1 in establishing polarity within the optic 
vesicle and its roles in shaping the eye. 
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The contribution of other ECM components to optic cup morphogenesis is much 
less well understood. Fibronectin and collagen IV are particularly difficult to study, in 
part due their requirement during earlier stages of development; maternal deposition 
confounds loss of function studies, and disruptions to maternal and zygotic supplies 
impairs development long before optic cup morphogenesis occurs (Latimer and Jessen, 
2010). However, this should not discount their roles in shaping the eye. Recent 
conditional deletion studies in mouse have demonstrated a role for fibronectin in lens 
morphogenesis and optic cup invagination (Huang et al., 2011), and zebrafish fibronectin 
mutants are microphthalmic and display anterior lens defects at later stages of eye 
development (Hayes et al., 2012). Nidogen, an ECM crosslinking protein, is required for 
retinal organoids to undergo optic cup morphogenesis in vitro (Eiraku et al., 2011), but its 
role during eye development in vivo has been overlooked until now. Chapter 3 of this 
dissertation demonstrates that nidogen is required for specific cellular movements during 
optic cup morphogenesis and proper basement membrane deposition surrounding the 
RPE.  
 
Periocular mesenchyme in optic cup morphogenesis 
 The vertebrate eye forms in close proximity to multiple non-eye tissues, yet each 
of these tissues serves important roles in the development of the eye. Extraocular 
mesenchymal cells have long been noted to interact with the optic vesicle during its 
morphogenesis into the optic cup, but very little is known regarding what these cells 
provide to the developing eye. Work from chick optic vesicle explant cultures 
demonstrates that the mesenchyme is required for induction of the RPE, possibly through 
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TGF-b signaling (Fuhrmann et al., 2000). Studies in mouse have demonstrated a role for 
periocular mesenchyme in patterning and shaping the optic cup, but the underlying 
mechanism is unclear (Bassett et al., 2010). The periocular mesenchyme is a 
heterogeneous population comprised of neural crest and mesodermally derived 
mesenchyme, but a specific role for either cell type during optic cup morphogenesis 
remains unknown. Zebrafish one-eyed pinhead mutants display severe defects in 
mesoderm development; as the name suggests, they also display severe optic cup 
morphogenesis defects (Schier et al., 1997). This indicates a prominent role for the 
mesoderm in regulating eye development, possibly through modulation of Nodal 
signaling to the eye field. Recent work in zebrafish has suggested that the neural crest 
subset of periocular mesenchymal cells regulate Sonic Hedgehog signaling within the 
optic cup and may be involved in choroid fissure formation (Sedykh et al., 2017). 
Mesenchymal cells are also necessary for proper fusion of the choroid fissure at later 
stages of eye development, and fusion of the choroid fissure appears to be mediated in 
part through proteolysis of the basement membranes lining the structure (Hero, 1990; 
Hero et al., 1991; James et al., 2016; Lupo et al., 2011; Weiss et al., 2012). In other organ 
systems such as the lung and kidney, mesenchymal cells provide ECM components 
which are required for epithelial morphogenesis. Chapter 3 of this dissertation 
demonstrates that the neural crest cell population is absolutely necessary for optic cup 
development, and describes the roles for neural crest cells in regulating specific cellular 
movements during optic cup morphogenesis. We find that these movements are 
dependent on nidogen, an ECM protein which is not expressed in the optic vesicle but 
rather in the surrounding neural crest. 
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The role of apical polarity proteins in morphogenesis 
Establishment of the apicobasal polarity axis is critical for the function of 
epithelial tissues and organs. For example, formation of an apical lumen is central to the 
development of many epithelial tissues such as the lung, mammary gland, and intestine. 
The apical surface is specified through a complex process and depends on directional, 
basal secretion of ECM proteins. The Par3/Par6/aPKC apical polarity complex is 
subsequently sequestered to the opposite side of the cell which establishes the apical 
surface (Denef et al., 2008). In other systems, proper recruitment of apical polarity 
proteins to their target surfaces is required for cellular and tissue morphogenesis (Horne-
Badovinac et al., 2001; Jones and Metzstein, 2011). The optic cup is a polarized 
neuroepithelium, but it remains unclear whether establishment of the apical surface is 
required for morphogenesis of the eye. The apical complex protein aPKC is required for 
maintenance of retinal architecture at later stages of eye development (Horne-Badovinac 
et al., 2001), but maternal contributions of apical complex proteins have occluded their 
study at early stages of optic cup morphogenesis. Multiple ECM components surround 
the optic cup, and it remains unclear what components of the ECM are required to 
establish apicobasal polarity. Additionally, cell-ECM adhesions are mediated through 
integrin-containing focal adhesions as well as the dystrophin/dystroglycan complex, both 
of which have been shown to regulate tissue polarity (Akhtar and Streuli, 2013; Deng et 
al., 2003). We sought to determine how interactions with the ECM affect apical polarity 
within the optic cup, and how specific polarity proteins regulate morphogenesis of the 
eye. Chapter 2 of this dissertation details our findings regarding how loss of laminin 
affects apical polarity within the eye, and data presented in Chapter 4 demonstrate that 
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the apical polarity complex is not required for optic cup morphogenesis. These data 
implicate an invaluable role of the ECM in driving optic cup morphogenesis, and suggest 
that many of the cell biological processes that regulate morphogenesis occur downstream 
of cell-ECM adhesion. 
 
Summary 
 Zebrafish optic cup morphogenesis is an excellent system in which many 
questions regarding the mechanisms organ morphogenesis can begin to be answered. 
How does any given component of the ECM govern organ morphogenesis and what 
tissue movements depend on that particular molecule? What processes or signaling 
events are regulated by adhesion to the matrix? Does one matrix component affect 
different sites within the same tissue differently? How do separate tissues interact with 
each other during development and contribute to the morphogenesis of their neighbors? 
Work presented here begins to address some of these questions in the context of optic cup 
morphogenesis. Chapter 2 describes my work in uncovering the role of the extracellular 
matrix protein laminin-a1. Chapter 3 describes my work in defining a role for the neural 
crest in optic cup morphogenesis through modification of the extracellular matrix. In 
Chapter 2 and Chapter 4 I investigate the cell biological responses to adhesion to the 
laminin extracellular matrix. Finally, Chapter 4 also describes my work in positional 
cloning of a new mutant which displays a unique, previously uncharacterized defect in 
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a b s t r a c t
The vertebrate eye forms via a complex set of morphogenetic events. The optic vesicle evaginates and
undergoes transformative shape changes to form the optic cup, in which neural retina and retinal pig-
mented epithelium enwrap the lens. It has long been known that a complex, glycoprotein-rich extra-
cellular matrix layer surrounds the developing optic cup throughout the process, yet the functions of the
matrix and its speciﬁc molecular components have remained unclear. Previous work established a role
for laminin extracellular matrix in particular steps of eye development, including optic vesicle evagi-
nation, lens differentiation, and retinal ganglion cell polarization, yet it is unknown what role laminin
might play in the early process of optic cup formation subsequent to the initial step of optic vesicle
evagination. Here, we use the zebraﬁsh lama1 mutant (lama1UW1) to determine the function of laminin
during optic cup morphogenesis. Using live imaging, we ﬁnd, surprisingly, that loss of laminin leads to
divergent effects on focal adhesion assembly in a spatiotemporally-speciﬁc manner, and that laminin is
required for multiple steps of optic cup morphogenesis, including optic stalk constriction, invagination,
and formation of a spherical lens. Laminin is not required for single cell behaviors and changes in cell
shape. Rather, in lama1UW1 mutants, loss of epithelial polarity and altered adhesion lead to defective
tissue architecture and formation of a disorganized retina. These results demonstrate that the laminin
extracellular matrix plays multiple critical roles regulating adhesion and polarity to establish and
maintain tissue structure during optic cup morphogenesis.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
In vertebrates, the eye initially forms as an outpocketing of
tissue from the prospective brain neuroepithelium. The newly
formed optic vesicle then undergoes a series of complex cell and
tissue movements – including elongation, rotation, and invagina-
tion – to form the optic cup, which is comprised of neural retina
and retinal pigmented epithelium enwrapping the lens. The cel-
lular processes – movements, divisions, tissue-tissue interactions,
and shape changes – underlying these morphogenetic events are
beginning to be elucidated via a combination of live imaging and
quantitative histology (Chow and Lang, 2001; England et al., 2006;
Fuhrmann, 2010; Heermann et al., 2015; Ivanovitch et al., 2013;
Kwan et al., 2012; Martinez-Morales and Wittbrodt, 2009; Picker
et al., 2009; Rembold et al., 2006; Yang, 2004). But while the
cellular processes comprising optic cup formation are being de-
scribed, we lack a comprehensive understanding of the molecular
pathways controlling these critical movements.
A compelling molecular candidate for regulating optic cup
morphogenesis is the extracellular matrix component laminin. It
has been known for decades that in all vertebrates, a glycoprotein-
rich layer surrounds the developing optic cup and lens, and that
laminin is a signiﬁcant component of this meshwork (Hendrix and
Zwaan, 1975; Hilfer and Randolph, 1993; Kurkinen et al., 1979;
McAvoy, 1981; Parmigiani and McAvoy, 1984; Peterson et al., 1995;
Svoboda and O’Shea, 1987; Tuckett and Morriss-Kay, 1986; Wakely,
1977; Webster et al., 1983, 1984). Laminin proteins form hetero-
trimers comprised of α, β, and γ chains. There are multiple forms
of each chain in vertebrates, although the laminin-111 species (the
heterotrimer of lama1 (laminin-α1), lamb1 (laminin-β1), and
lamc1 (laminin-γ1)) is considered to be the predominant isoform
during early development (Colognato and Yurchenco, 2000; Miner
and Yurchenco, 2004). In zebraﬁsh, multiple laminin chains are
expressed during the period of optic cup morphogenesis, but their
functional roles during this process are largely unexplored.
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Functional roles for laminin have been elucidated primarily
using in vitro cell culture systems. As a part of the extracellular
matrix, laminin serves as an adhesive substrate, yet how it inter-
acts in vivowith other ECM components to modulate adhesion and
focal adhesion assembly is poorly understood. It is known that
laminin impacts cell survival: loss of attachment can lead to an-
oikis, a speciﬁc form of programmed cell death (Frisch and Francis,
1994; Juliano et al., 2004). Laminin can also regulate cell migra-
tion, in particular lamellipodial protrusions (Adams and Watt,
1993; Daley and Yamada, 2013). Finally, laminin is often critical for
establishing and maintaining epithelial cell polarity, by serving as
an extrinsic cue to specify the basal surface (Martin-Belmonte and
Mostov, 2008). A role for laminin in optic cup formation could
affect any – or all – of these processes: it is unclear which might be
crucial for the actual morphogenetic process.
In zebraﬁsh, mutant analysis has revealed many roles for lama1,
including in development of notochord, muscle, and brain struc-
ture, neurogenesis, neuronal migration, and axon guidance
(Biehlmaier et al., 2007; Grant and Moens, 2010; Jiang et al., 1996;
Karlstrom et al., 1996; Parsons et al., 2002; Paulus and Halloran,
2006; Pollard et al., 2006; Schier et al., 1996; Sittaramane et al.,
2009; Sztal et al., 2012; Wolman et al., 2008). In the visual system,
previous work has deﬁned roles for different laminin chains in
various steps of eye development, with most studies focusing on
later stages after optic cup formation. Analysis of lamb1 and lamc1
mutants revealed coloboma, structural defects in the eye indicat-
ing failure of some aspect of choroid ﬁssure development (Lee and
Gross, 2007). lama1 mutants display lens degeneration, as well as
defects in development of the ocular anterior segment, including
cornea and iris (Pathania et al., 2014; Semina et al., 2006; Zinke-
vich et al., 2006). Less is known, however, about earlier stages of
eye development, speciﬁcally optic cup formation. Detailed ana-
lysis of the initiating event, optic vesicle evagination, indicates that
laminin (speciﬁcally, the lamc1 mutant was examined) plays a
critical role in organizing, coordinating, and delimiting the polar-
ized elongation of retinal progenitors just as the optic vesicle
emerges (Ivanovitch et al., 2013). By the end of optic cup forma-
tion, lamb1 and lamc1 mutants appear to exhibit a “protruding
lens” phenotype (Parsons et al., 2002), suggesting some defect in
the process of optic cup morphogenesis, possibly invagination.
However, the phenotype has not been studied in detail, and un-
derlying cellular defects during optic cup formation have not been
identiﬁed.
Taken together, these data suggest critical roles for laminin
extracellular matrix proteins during eye development, yet much
remains to be determined. What role does laminin play through-
out optic cup morphogenesis? Are there speciﬁc tissue morpho-
genetic events that are dependent upon laminin? How does la-
minin regulate focal adhesion assembly, speciﬁcally during these
morphogenetic events, and what other functions might laminin
carry out? To address these questions, we are using the zebraﬁsh
mutant bashfulUW1 (also called lama1UW1), in which the laminin
alpha 1 (lama1) gene is disrupted (Paulus and Halloran, 2006;
Semina et al., 2006). Using 4D timelapse imaging and visualiza-
tion, we determine how loss of lama1 affects optic cup morpho-
genesis beyond evagination. We examine focal adhesion assembly
during optic cup formation, determine how this is disrupted by
loss of lama1, and then investigate how loss of lama1 affects sev-
eral aspects of tissue morphogenesis, including cell survival, mi-
gration, shape changes, and polarity. Our data suggest that the
laminin extracellular matrix is required for multiple speciﬁc
morphogenetic events, acting through establishment of cell po-
larity and spatiotemporally-speciﬁc regulation of focal adhesion
assembly.
2. Material and methods
2.1. Zebraﬁsh
Embryos from lama1UW1 heterozygous incrosses were raised at
28.5–30 °C and staged according to time post fertilization and
morphology (Kimmel et al., 1995). For all experiments, control
embryos consisted of lama1UW1 wild type and heterozygous carrier
siblings.
2.2. RNA synthesis and injections
Capped RNA was synthesized using pCS2 templates (pCS2-
EGFP-CAAX, pCS2FA-H2A.F/Z-mCherry, pCS2FA-mCherry-CAAX,
pCS2-EGFP-vinculin, pCS2-pard3-GFP), the mMessage mMachine
SP6 kit (Ambion), puriﬁed (Qiagen RNeasy Mini Kit) and ethanol
precipitated. 300–500 pg RNA (EGFP-CAAX, H2A.F/Z-mCherry,
pard3-GFP) was injected into the cell of 1-cell stage embryos. For
analysis of focal adhesion assembly, EGFP-vinculin and mCherry-
CAAX (250 pg RNA each) were co-injected into the cell of 1-cell
stage embryos.
2.3. Antibody staining
Embryos were ﬁxed at the appropriate stage in 4% paraf-
ormaldehyde, permeabilized in TBST (TBSþ0.1% Triton X-100), and
blocked in TBSTþ2% BSA. Anti-laminin antibody (Sigma #L9393)
was diluted 1:100, anti-vinculin antibody (Sigma #V4505) was
diluted 1:100, anti-activated caspase-3 antibody (BD Pharmingen
#559565) was diluted 1:200, anti-aPKC (PKC ζ (C-20) Santa Cruz
Biotechnology #sc-216) was diluted 1:100, anti-ﬁbronectin anti-
body (Sigma #F3648) was diluted 1:100. Alexa Fluor 488 goat anti-
rabbit secondary (Life Technologies, A-11008) or Alexa Fluor 488
goat anti-mouse secondary (Life Technologies, A-11001) was co-
incubated with 1 mM TOPRO-3 iodide (Life Technologies, T3605).
Embryos were cleared in 70% glycerol for imaging.
2.4. Imaging
For timelapse imaging, embryos (12 hpf) were dechorionated,
embedded in 1.6% low melting point agarose (in E2þgentamycin)
in DeltaT dishes (Bioptechs, #0420041500 C). E2þgentamycin was
overlaid, and the dish covered to prevent evaporation. Images
were acquired using an Olympus FV1000 or Zeiss LSM710 laser
scanning confocal microscope. 4-dimensional datasets were ac-
quired: all datasets except for EGFP-vinculin imaging were ac-
quired with the following parameters: 36 z-sections, 3.52 mm
z-step, 40X water-immersion objective (1.15 NA). EGFP-vinculin
4-dimensional datasets (Fig. 3) were acquired with the following
parameters: 63 z-sections, 2.1 mm z-step, 40X water-immersion
objective (1.2 NA). For in toto eye imaging, time between z-stacks
was 3.43 min (Fig. 1), 3.5 min (Fig. 3), 4.22 min and 4 min (Fig. 5
control and mutant, respectively), and 4.5 min (Fig. 6).
For Kaede photoconversion, Olympus Fluoview or Zeiss Zen
software was used to expose a rectangular R. O. I. to 405 nm light
for 15–20 s. Efﬁciency of photoconversion was assayed by loss of
green and gain of red ﬂuorescence in the R. O. I.
For all timelapse imaging experiments, datasets were acquired
without knowledge of embryo genotype. After imaging was
completed, embryos were de-embedded and genotyped. At least
3 timelapse datasets were acquired for all conditions presented.
2.5. Image processing and analysis
Image data were processed using ImageJ. Volume rendering
was performed using Amira (Visage Imaging) or FluoRender (Wan
C.D. Bryan et al. / Developmental Biology 416 (2016) 324–337 325
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et al., 2009 ). Tissue volumes were measured using Amira after
manual segmentation based on the membrane channel. Optic stalk
cross section area was measured using Amira, after manual (slice
by slice) segmentation of the interface between the retina and
optic stalk.
2.5.1. Furrow angle measurements
Furrow angle was measured using the ImageJ angle tool.
Within the z-stack, the slice containing the greatest optic vesicle
area (representing the dorsal-ventral mid-point of the optic ve-
sicle) was used for the measurement. A 25 mm radius circle was
centered at the vertex of the optic stalk furrow. The ﬁrst point of
the angle was selected where the circle intersected with the neural
keel, the second point of the angle was the vertex of the optic stalk
furrow, and the third point of the angle was selected where the
circle intersected with the optic vesicle (shown in Fig. 2F and G).
2.5.2. Invagination angle measurements
Invagination angle was also measured using the ImageJ angle
tool. Within the z-stack, the slice containing the greatest lens area
(representing the dorsal-ventral mid-point of the lens) was used
for the measurement. The ﬁrst point of the angle was selected at
the center of the retina, just behind the lens, the second point of
the angle (the vertex) was selected at one outer margin of retina,
and the third point of the angle was selected at the other outer
margin of the retina (Fig. 2P).
2.5.3. Focal adhesion quantiﬁcation
Quantiﬁcation of ECM adhesion using EGFP-vinculin was per-
formed as follows: ratiometric analysis was performed on single
confocal slices within the z-stack at the dorsal-ventral midpoint of
the optic vesicle (14 hpf, for optic stalk furrow measurements), or
at the dorsal-ventral midpoint of the lens (24 hpf, for lens-retina
interface measurements). A 25 mm radius circle was centered at
the vertex of the optic stalk furrow or deepest point of the lens-
retina interface, then ﬂuorescence intensity quantiﬁed along the
basal surface within that circle (Fig. 3, yellow-bound regions).
EGFP-vinculin ﬂuorescence intensity was normalized to mCherry-
CAAX intensity within the same area. Enrichment at the optic stalk
furrow or lens-retina interface was determined by comparison to
similar-sized regions at the brain midline (Fig. 3, blue-bound re-
gions), a place where membrane components might be enriched,
though not in an ECM-dependent manner, due to cell constriction
at the apical surface.
Fig. 1. Timelapse confocal microscopy reveals severe defects in optic cup formation in lama1UW1 mutant. (A-H) Single confocal slices from 4D datasets of optic vesicle
morphogenesis, 12.5–24.5 hpf. EGFP-CAAX (membranes, green), H2A.F/Z-mCherry (nuclei, magenta). (A-D) Optic cup formation in control embryo. (E-H) Optic cup formation
in lama1UW1 mutant embryo. Dorsal views; scale bar, 50 mm. (I-M) Localization of laminin protein. (I-L) In control embryos, laminin protein is found lining basal surfaces of
developing eye and brain. (M) lama1UW1 mutant embryo reveals absence of laminin protein from early stages of optic vesicle development. nk, neural keel; ov, optic vesicle;
ec, ectoderm; br, brain; RPE, retinal pigmented epithelium; nr, neural retina; le, lens. A, anterior; P, posterior; M, medial; L, lateral.
Fig. 2. Quantitative analysis of lama1UW1 mutant phenotype. (A-E) Analysis of eye size at 24 hpf. (A-D) Volume renderings of control (A,B) and mutant (C,D) eyes. Neural
retina þ RPE (blue), lens (yellow). (A,C) Dorsal views. (B,D) Lateral views. arrowhead, choroid ﬁssure; asterisk, choroid ﬁssure missing in mutant. (E) Quantiﬁcation of optic
cup and lens volume in control and mutant eyes shows no signiﬁcant difference in eye size. (F-H) Quantiﬁcation of furrow angle during initial stages of optic stalk
constriction. Single confocal section of control (F) and mutant (G) embryos, membrane channel (gray) at 14 hpf. A circle with a 25 mm radius was placed with its center at the
vertex of the furrow, and angle was calculated by drawing radii to positions at which the circle intersected the optic vesicle and brain neuroepithelium. (H) Quantiﬁcation of
furrow angle demonstrates that the furrow exhibits a signiﬁcantly larger angle in lama1UW1 mutants. (I-M) Visualization and quantiﬁcation of optic stalk constriction. (I-L) 3D
rendering of optic stalk cross-section (orange) over membrane channel (gray) at 24 hpf. (I,K) Dorsal views. (J,L) Face-on views of the optic stalk cross section.
(M) Quantiﬁcation of optic stalk cross section area shows that optic stalk constriction is impaired in lama1UW1 mutant embryos. (N-Q) Quantiﬁcation of invagination angle.
(N,O) Single confocal images of membrane channel (gray) in lama1UW1 control (N) and mutant (O) eyes at 24 hpf. Lines (yellow) were drawn to determine angle of
invagination. (P) Schematic demonstrating how invagination angle (α) was determined. (Q) Quantiﬁcation of invagination angle shows a severe defect in invagination in
lama1UW1 mutant embryos. numbers at base of graph show embryos scored (one eye each);*Po0.001, using the student's t-test.
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2.5.4. Basal endfoot width measurements
Basal endfoot width was measured using the same 25 mm ra-
dius circles used for measuring EGFP-vinculin enrichment. The
number of cells in contact with the basal surfaces within the cir-
cles was counted, and basal surfaces lengths were measured using
ImageJ. Average basal endfoot width was calculated by dividing
the basal surface lengths by the number of cells in contact with the
surface.
2.6. Box and whisker plots
Box and whisker plots were generated using the ggplot2
package in R. The band inside the box is the median. The upper
and lower “hinges” correspond to the ﬁrst and third quartiles. The
upper whisker extends from the upper hinge to the highest value
within (1.5* IQR), where IQR is the inter-quartile range. The lower
whisker extends from the lower hinge to the lowest value within
(1.5* IQR). Data points outside of the ends of the whiskers are
outliers.
3. Results
3.1. lama1 is required for optic cup formation
In zebraﬁsh, the optic cup forms 12–24 h post fertilization
(hpf), during which time the ﬂat, wing-like optic vesicle trans-
forms into the organized optic cup with morphologically distinct
neural retina, retinal pigmented epithelium (RPE), and lens. To
determine whether laminin-α1 is required for optic cup formation,
we examined the bashfulUW1 (balUW1) mutant, which harbors a
splice donor mutation in the laminin-α1 (lama1) gene, resulting in
a protein truncation at amino acid 1424 followed by 60 additional
amino acids translated from the intron (Paulus and Halloran,
2006; Semina et al., 2006). We refer to this allele as lama1UW1.
Mutant and sibling control embryos were labeled ubiquitously for
membranes (EGFP-CAAX) and chromatin (H2A.F/Z-mCherry) using
RNA injection at the 1-cell stage, and 4-dimensional timelapse
confocal microscopy was performed from 12.5 to 24 hpf. This time
period encompasses optic cup morphogenesis subsequent to optic
vesicle evagination. Timelapse datasets reveal a striking disruption
of optic cup morphogenesis (Fig. 1A-H; Movie S1, S2). At 12.5 hpf,
the mutant optic vesicle appeared rounder and more symmetric
along the anterior-posterior axis than the control (Fig. 1A and E).
As optic cup morphogenesis proceeded, in control embryos, the
neural retina progenitors elongated and took on a stereotypical
columnar epithelial morphology, while RPE cells ﬂattened. The
lens invaginated from the overlying ectoderm and pinched off,
forming its characteristic spherical shape (Fig. 1A-D, Movie S1). In
lama1UW1 mutants, even though the RPE appeared to be present
and ﬂattened appropriately, the retina appeared disorganized, and
the two tissues failed to enwrap the lens. The lens formed from the
overlying ectoderm, though it was misshapen and ovoid (Fig. 1E-H,
Movie S2). The failure of the neural retina and RPE to enwrap the
lens leaves it exposed – similar to the “protruding lens” phenotype
seen by stereomicroscope and reported previously for lamb1 and
lamg1 mutants (Parsons et al., 2002). All phenotypes described
throughout this manuscript appear to be 100% penetrant. Any
apparent variability in phenotypes is related to the speciﬁc optical
sections in the ﬁgures. For example, in mutant embryos, the retina
still curves slightly around the lens in the dorsal domain; an op-
tical section in the more dorsal domain will look as though in-
vagination is less disrupted than in the central or ventral domains.
To determine when and where laminin protein is present, we
performed antibody staining for the laminin protein heterotrimer
(Fig. 1I-L). We found that laminin protein was present at all basal
surfaces of the optic vesicle and lens throughout the stages of optic
cup morphogenesis studied here. Therefore, laminin protein is
found at the right time and place to be directly affecting optic cup
morphogenesis. To determine how the lama1UW1 mutant allele
affects laminin protein accumulation, antibody staining was per-
formed on 12 hpf lama1UW1 mutants, when the optic vesicle has
evaginated. We found that there was no detectable accumulation
of laminin protein heterotrimer at the basal surface of the optic
vesicle (Fig. 1M). Therefore, combined with the similar phenotype
observed in the loss-of-function lamb1 and lamg1 mutants (Par-
sons et al., 2002), we consider this phenotype to be a loss-of-
function for lama1.
3.2. Loss of lama1 leads to multiple defects in optic cup
morphogenesis
We set out to quantitatively deﬁne the optic cup morphogen-
esis defects in lama1UW1 mutants. First, lama1 mutants isolated in
previous, large-scale screens were classiﬁed as having a small eye
(Malicki et al., 1996). We sought to determine whether the defects
in optic cup morphogenesis could be due to changes in eye size. To
analyze eye size and shape, 3D volumes of the eye (neural re-
tinaþRPE and lens) were visualized and measured after manual
segmentation of confocal z-stacks acquired of live embryos. Live
imaging was used to avoid artifactual changes in volume due to
ﬁxation. The manually segmented volumes (Fig. 2A-D) revealed
gross changes to the shape of the optic cup in lama1UW1 mutants:
the domain of neural retina and RPE was ﬂatter, the lens was ovoid
rather than spherical, and the choroid ﬁssure failed to form cor-
rectly (Fig. 2B and D; arrow marks choroid ﬁssure in control em-
bryo; asterisk marks missing choroid ﬁssure in mutant). Volumes
were measured to determine if there was a signiﬁcant change in
size: we found, somewhat surprisingly, that lama1UW1 mutants
and control siblings had no signiﬁcant difference in optic cup
Fig. 3. Focal adhesions are assembled in a speciﬁc spatiotemporal pattern, and are differentially disrupted by loss of lama1. (A-H) Antibody staining for the focal adhesion
protein vinculin at 14 hpf (A-D) or 24 hpf (E-H), in control (A,E) or lama1UW1 mutant (B-D, F-H) embryos. (H’) No primary anti-vinculin antibody control. Orange arrowheads,
location of optic stalk furrow;white arrows, lens-retina interface; dashed line, outline of optic vesicle. (I-P) Single confocal slices from 4D datasets of EGFP-vinculin (grayscale)
localization during optic cup morphogenesis, "12–24 hpf. (I-L) EGFP-vinculin recruitment in control embryo is apparent at the optic stalk furrow (J, orange arrowhead), and
lens-retina interface (L, white arrow). (m-P) EGFP-vinculin recruitment in lama1UW1 mutant embryo at the optic stalk furrow (N, orange arrowhead), and lens-retina interface
(P, white arrow). Dorsal views; scale bar, 50 mm. A, anterior; P, posterior; M, medial; L, lateral. (Q-Y) Quantiﬁcation of EGFP-vinculin recruitment at the optic stalk furrow and
lens-retina interface. (Q,R,U,V) mCherry-CAAX (membranes, gray) localization in same single confocal slices as J,N,L,P, respectively. At the optic stalk furrow or lens-retina
interface (Q,R,U,V; yellow regions), EGFP-vinculin ﬂuorescence intensity was normalized to mCherry-CAAX. Enrichment was measured by comparing to normalized EGFP-
vinculin ﬂuorescence intensity at the midline (Q,R,U,V; cyan regions). A control medial optic cup domain (U,V; magenta regions) was quantiﬁed as a location where EGFP-
vinculin recruitment was not noted; this domain was also compared to normalized EGFP-vinculin ﬂuorescence intensity at the midline (U,V; cyan regions). (S) Quantiﬁcation
of EGFP-vinculin recruitment indicates decreased ECM adhesion at the optic stalk furrow in the lama1UW1 mutant. (T) Average basal endfoot width at the optic stalk furrow,
based on counting the number of cells within the quantiﬁed region; no signiﬁcant difference indicates that differences in cell morphology at that position (e.g. basal
constriction) cannot strictly account for differences in apparent EGFP-vinculin recruitment. (W) Quantiﬁcation of EGFP-vinculin recruitment indicates increased ECM ad-
hesion at the lens-retina interface in the lama1UW1 mutant. (X) Average basal endfoot width at the lens-retina interface, based on counting the number of cells within the
quantiﬁed region; lama1UW1 mutants have fewer cells with wider basal surfaces, indicating that increased cell number or constriction cannot account for apparent increased
EGFP-vinculin recruitment at the mutant basal surface. (Y) Quantiﬁcation of EGFP-vinculin recruitment at a control site in the medial optic cup where no enrichment of
vinculin recruitment occurred in control or lama1UW1 mutants. Quantiﬁcations were performed on 10 control embryos and 6 mutant embryos (one eye scored per embryo);
n.s., not signiﬁcant;*Po0.005, using a two-tailed t-test of unequal variance.
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volume (Fig. 2E), suggesting that at this stage, defects in optic cup
morphogenesis are not the result of gross gain or loss of tissue, and
that the “small eye” phenotype observed in previous screens might
arise later in development, possibly as a result of alterations in
retinal neurogenesis.
Next, based on timelapse data, it appeared as though the optic
stalk, the connection between the optic cup and the brain, failed to
constrict in lama1UW1 mutants. Optic stalk constriction initiates
through formation of a furrow at the posterior portion of the optic
vesicle, resulting in a fold in the tissue, which then moves ante-
riorly. We measured the furrow angle in lama1UW1 control and
mutant embryos, and found that the furrow was signiﬁcantly more
open in mutants than in control embryos (Fig. 2F-H, also see
Methods). The open furrow suggests a failure of the tissue folding
event that initiates optic stalk formation. To determine whether
optic stalk constriction was indeed impaired in lama1UW1 mutants,
we measured the cross-sectional area of the optic stalk at 24 hpf
(Fig. 2I-M). The optic stalk cross section was reconstructed via
manual segmentation of the interface of the optic cup and stalk
(see Methods), and the surface area measured. We found that optic
stalk constriction was signiﬁcantly impaired in lama1UW1 mutants
(Fig. 2M).
Finally, the protruding lens phenotype suggested that retinal
invagination was impaired. The invagination angle (α) was mea-
sured in lama1UW1 control and mutant embryos as shown (Fig. 2N-
P). We found that invagination was signiﬁcantly impaired by loss
of lama1 (Fig. 2Q).
We conclude that although optic cup size is normal, multiple
steps of optic cup morphogenesis are impaired in lama1UW1 mu-
tants, suggesting that under normal conditions, laminin regulates
choroid ﬁssure formation, optic stalk constriction, and optic cup
invagination.
3.3. Loss of lama1 leads to spatiotemporally distinct effects on focal
adhesion assembly
Laminin and other extracellular matrix molecules signal to cells
through large protein complexes known as focal adhesions. Focal
adhesions are assembled locally within the cell in response to
matrix binding, in a mechanical tension-dependent manner. Al-
though the extracellular matrix has been demonstrated to be
present surrounding the entire optic vesicle (Hendrix and Zwaan,
1975; Hilfer and Randolph, 1993; Kurkinen et al., 1979; McAvoy,
1981; Parmigiani and McAvoy, 1984; Peterson et al., 1995; Svoboda
and O’Shea, 1987; Tuckett and Morriss-Kay, 1986; Wakely, 1977;
Webster et al., 1983, 1984), we wondered when and where focal
adhesion assembly was occurring during optic cup morphogen-
esis. Determining spatiotemporal patterns of focal adhesion as-
sembly during optic cup formation could help to reveal the speciﬁc
morphogenetic events during which ECM adhesion and signaling
might play a critical role.
We initially considered two possibilities: one result might be
that focal adhesions are assembled uniformly around the optic
vesicle throughout optic cup morphogenesis, reﬂecting the ap-
parent uniform localization of ECM components such as laminin
(Fig. 1I-L). Another possibility is that focal adhesions are assembled
at particular sites during certain morphogenetic events, suggesting
spatiotemporal speciﬁcity, and the simple presence of ECM might
not be sufﬁcient to trigger focal adhesion assembly. To begin to
determine when and where focal adhesion assembly might be
occurring during optic cup morphogenesis, we performed anti-
body staining for the focal adhesion protein vinculin, which is
recruited to nascent focal adhesions in a tension-dependent
manner (Carisey et al., 2013; Dumbauld et al., 2013; Grashoff et al.,
2010; Humphries et al., 2007; Rubashkin et al., 2014). We initially
assayed vinculin localization at two timepoints, 14 hpf and 24 hpf,
to determine whether we could visualize sites of focal adhesion
assembly, and whether these might be altered in lama1UW1 mutant
embryos. At 14 hpf, weak, somewhat inconsistent recruitment of
vinculin to the forming optic stalk region could be seen in control
embryos, with no obvious difference in lama1UW1 mutant embryos
(Fig. 3A-D, orange arrowheads). At 24 hpf, vinculin appeared to be
weakly recruited to the lens-retina interface in control embryos
(Fig. 3E), and surprisingly, appeared to be more strongly recruited
in lama1UW1 mutant embryos (Fig. 3F-H, white arrows). These data
suggest that rather than vinculin being recruited uniformly around
the forming optic cup (reﬂecting the apparent uniform distribu-
tion of laminin and other ECM proteins), there might be spatio-
temporal speciﬁcity to focal adhesion recruitment during optic cup
morphogenesis.
While the antibody staining data were suggestive, these ex-
periments were not quantitative, and variability in signal could be
caused by minor differences in embryo clearing or embedding.
Additionally, no other were timepoints were initially examined
during optic cup morphogenesis. Therefore, we set out to assay
focal adhesions quantitatively in live embryos. To this end, we
used a fusion of EGFP to the focal adhesion protein vinculin, the
same protein assayed by antibody staining. To facilitate quantiﬁ-
cation, RNA encoding EGFP-vinculin was coinjected into embryos
along with mCherry-CAAX, a uniform membrane marker used for
ﬂuorescence normalization. We found that in control embryos,
EGFP-vinculin reported focal adhesion assembly in a spatio-
temporally speciﬁc manner, similar to what we observed via an-
tibody staining. This further supports the idea that apparently
uniform laminin protein distribution does not lead to uniform
focal adhesion assembly. Notably, EGFP-vinculin was recruited to
the optic stalk furrow at the onset of optic stalk constriction, and
the lens-retina interface during invagination (Fig. 3I-L, Movie S3,
S5). We then examined how adhesion might be disrupted by loss
of lama1 (Fig. 3M-P), and found, surprisingly, distinct changes in
vinculin recruitment during each morphogenetic event. In
lama1UW1 mutant embryos, at the optic stalk furrow, EGFP-vin-
culin recruitment was diminished (Fig. 3N, Movie S4), but in
contrast, EGFP-vinculin recruitment appeared increased at the
lens-retina interface during invagination (Fig. 3P, Movie S6).
We quantiﬁed these results using ratiometric image analysis on
selected regions of interest (ROIs) (Fig. 3Q,R,U,V), and determined
EGFP-vinculin enrichment by normalizing to mCherry-CAAX sig-
nal, then comparing normalized signal in the ROI to a different
control region, in which EGFP-vinculin and other membrane as-
sociated components might appear enriched due to apical cell
constriction, but in a manner independent of ECM (also see
Methods). Our measurements conﬁrm that at the optic stalk fur-
row, focal adhesion recruitment was diminished in lama1UW1
mutants (Fig. 3S), suggesting that laminin promotes focal adhesion
assembly at the onset of optic stalk constriction. In contrast, focal
adhesion recruitment was increased at the lens-retina interface in
lama1UW1 mutant optic cups (Fig. 3W), suggesting that under
wildtype conditions, laminin acts to negatively regulate focal ad-
hesion assembly during invagination, either directly or indirectly.
We were concerned that these measurements could be skewed
by potential differences in cell morphology or number in the
quantiﬁed region. It has been reported that constriction of the
basal surface of retinal progenitor cells (“basal constriction”) un-
derlies optic cup invagination (Martinez-Morales et al., 2009), and
such constriction might also occur during optic stalk furrow for-
mation. Since vinculin recruitment to the basal surface is being
quantiﬁed, a morphological difference in the basal surface be-
tween control and mutant embryos (for example, differences in
cell crowding or density) might artifactually lead to an apparent
change in focal adhesion recruitment. Therefore, we counted the
number of cells within the region being quantiﬁed, and calculated
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an average basal endfoot width for control and lama1UW1 mutant
embryos (Fig. S1). During optic stalk furrow formation, we found
no signiﬁcant difference between control and lama1UW1 mutant
average basal endfoot width (Fig. 3T), suggesting that the sig-
niﬁcant loss of EGFP-vinculin recruitment in lama1UW1 mutant
embryos cannot be due to a signiﬁcant difference in the number of
cells in the quantiﬁed region or basal surface cell morphology.
During optic cup invagination, however, retinal progenitors in the
lama1UW1 mutant have a larger average basal endfoot width,
suggesting that basal constriction is impaired (Fig. 3X). This also
suggests that the increased EGFP-vinculin signal observed at the
lens-retina interface in the lama1UW1 mutant (Fig. 3W), cannot
merely be due to cell constriction concentrating focal adhesion
proteins at the basal surface, rather, there is increased EGFP-vin-
culin recruitment at the basal surface of each individual cell in the
absence of lama1. Further evidence for speciﬁcity of these effects
comes from quantiﬁcation of the medial portion of the optic cup, a
domain in which we failed to see obvious EGFP-vinculin recruit-
ment (Fig. 3U and V; magenta regions). Quantiﬁcation and nor-
malization of EGFP-vinculin ﬂuorescence in this area indicated
very low levels of recruitment in control embryos (1.1-fold en-
richment compared to 1.55-fold at the lens-retina interface), and
there was no statistically signiﬁcant difference between control
and lama1UW1 mutant embryos (Fig. 3Y).
We conclude from these data that focal adhesions are as-
sembled in a spatiotemporally speciﬁc manner in the early eye:
laminin appears to surround the optic vesicle uniformly, yet vin-
culin is recruited only to a subset of sites where laminin is present.
Further, loss of lama1 disrupts focal adhesion assembly in a di-
vergent manner during the morphogenetic events we observed to
be disrupted during optic cup morphogenesis, speciﬁcally optic
stalk furrow formation and invagination (Fig. 2). Our data suggest
that under normal conditions, laminin promotes vinculin recruit-
ment and focal adhesion assembly during optic stalk constriction,
but surprisingly, negatively modulates it during optic cup in-
vagination. It is possible that this may be due to direct or indirect
effects of loss of laminin, or functional differences in other ECM
components present at different sites (see Discussion).
3.4. Cell death is not responsible for optic cup morphogenesis defects
in lama1 mutants
In both in vitro and in vivo systems, attachment to the basement
membrane or extracellular matrix is required for cell survival
(Frisch and Francis, 1994; Juliano et al., 2004). We therefore de-
termined whether loss of lama1 resulted in increased cell death in
lama1UW1 mutants. Antibody staining for activated caspase-3, a
marker of programmed cell death, was performed on lama1UW1
control and mutant embryos. We found that control embryos had
little or no detectable cell death at 24 hpf (Fig. 4A-A″), with only a
couple of cells positive for activated caspase-3 in the eye region,
usually near the site of lens separation from the surface ectoderm.
In contrast, lama1UW1 mutants contained large patches of dying,
activated caspase-3-positive cells, which were found in more
medial regions of the optic cup, arising from both within and
outside of the optic cup (Fig. 4B-B″; dashed blue lines outline the
optic cup). These cells could originate either from the optic vesicle
or neural crest. Within the optic vesicle, notably, this is where
focal adhesion assembly was diminished, near the medial optic
vesicle, at the boundary between the optic vesicle and prospective
Fig. 4. Apoptosis is increased in lama1UW1 mutant embryos but is not the underlying cause of morphogenesis defects. (A-A″) Control embryos show little apoptotic cell death.
(B-B″) lama1UW1 mutant embryos contain a signiﬁcant number of dying cells. (C-C″) Injection of Bcl-xL RNA (100 pg) rescues apoptosis in lama1UW1 mutant embryos,
however optic cup morphogenesis defects are still apparent. (A,B,C) Antibody staining for activated caspase-3. (A′,B′,C′) TOPRO-3 counterstain for nuclei. (A″, B″, C″) Merged
images. dashed blue line, boundary of optic cup. Dorsal views; scale bar, 50 mm. br, brain; nr, neural retina; le, lens. A, anterior; P, posterior; M, medial; L, lateral.
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Fig. 5. Loss of motile cell behaviors does not underlie optic cup morphogenesis defects in lama1UW1 mutant embryos. Retinal progenitors expressing Kaede were exposed to
405 nm light, which converts Kaede from green to red ﬂuorescence via an irreversible photocleavage. Images are maximum intensity projections from 4-dimensional
datasets of the red (converted) channel. (A-F′) Images from a timelapse of a lama1UW1 control sibling embryo. (G-L′) Images from a timelapse of a mutant embryo. (H′)
Zoomed image of single timepoint (14.3 hpf) showing a retinal progenitor extending a bleb (magenta asterisk) beyond the boundary of the optic vesicle. (F′, L′) Pseudocolor of
marked retinal cells. Retinal progenitors in the control embryo extend across the entire width of the retina, while retinal progenitors in the lama1UW1 mutant embryo
elongate, but do not span the width of the retina. Loss of apicobasal register marked by arrowheads. (M, N) Comparisons of length (M) or length/width ratio (N) of retinal
progenitors in lama1UW1 mutant or control embryos. While retinal progenitors are longer in control embryos than mutants, the length/width ratio is not signiﬁcantly
different. *Po0.02;**Po0.001; n.s. ¼ not signiﬁcant. Dorsal views; scale bar, 50 mm. le, lens; dashed lines, retina margins. A, anterior; P, posterior.
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brain tissue (Fig. 3J,N,S). Conversely, at the basal retina (the lens-
retina interface), where focal adhesion assembly was not lost in
lama1UW1 mutants (Fig. 3L, P and W), we did not see increased cell
death (Fig. 4B-B″), suggesting that maintenance of adhesion could
be protective against cell death. These results suggest that, similar
to other epithelial tissues, optic cup cells are sensitive to loss of
extracellular matrix adhesion, and respond by undergoing cell
death.
The signiﬁcant amount of cell death in lama1UW1 mutants led
us to ask whether this could be responsible for the morphogenetic
defects observed in optic cup formation. To test this, we injected
RNA encoding the apoptosis inhibitor Bcl-xL (Sidi et al., 2008) into
1-cell stage embryos, to determine whether suppression of cell
death is sufﬁcient to rescue the morphogenetic defects in
lama1UW1 mutants. We found that expression of Bcl-xL suppressed
apoptosis (note almost complete lack of activated caspase-3 po-
sitive cells in lama1UW1 mutants). However, gross morphogenetic
defects were still apparent (Fig. 4C-C”), and lama1UW1 mutant optic
cups still failed to undergo invagination, with the neural retina and
RPE failing to enwrap the misshapen, ovoid lens.
We also attempted to suppress cell death in lama1UW1 mutant
embryos with a commonly used p53 morpholino oligonucleotide.
However, this was ineffective, and high levels of cell death re-
mained (data not shown). Although many cell death pathways are
p53-dependent, anoikis, caused by loss of matrix attachment, can
be independent of p53 signaling (Chiarugi and Giannoni, 2008;
Guadamillas et al., 2011). Therefore, we conclude that laminin is
normally required for cell survival and loss of lama1 leads to an-
oikis (either directly or indirectly), but this is not responsible for
the gross optic cup morphogenesis defects observed.
3.5. lama1 mutants display normal motile cell behaviors, but tissue-
level structural defects arise during invagination
Laminin has been demonstrated to inﬂuence single cell beha-
vior and cell migration in a variety of systems (Adams and Watt,
1993; Daley and Yamada, 2013). We therefore sought to visualize
single cell behaviors underlying optic cup formation, and whether
they are affected by loss of lama1. To visualize single cell behaviors,
we utilized the photoactivatable ﬂuorophore Kaede (Ando et al.,
2002). In its native state, Kaede emits green ﬂuorescence (excita-
tion maximum 508 nm), but when exposed to UV light, the pro-
tein undergoes an irreversible photocleavage and subsequently
emits red ﬂuorescence (excitation maximum 572 nm). By photo-
converting small groups of cells expressing cytoplasmic Kaede, we
were able to watch their individual behavior and movement
throughout the process of optic cup morphogenesis using 4D
timelapse confocal microscopy.
Using the Kaede photoconversion strategy, we found that ret-
inal progenitors in both lama1UW1 control and mutant embryos
appeared polarized and displayed active lamellipodial-like pro-
trusions (Fig. 5A-L; Movie S7, S8). These protrusions were ob-
served to extend and retract from both ends of the cell and per-
sisted for a signiﬁcant period of optic cup morphogenesis, ceasing
only !20 hpf, at which point the retinal progenitors lengthened
and assumed their stereotypical elongated columnar epithelial
morphology. In both control and mutant embryos, retinal pro-
genitors appeared to carry out the same elongation behavior:
though absolute cell length was longer in controls than mutants
(Fig. 5M), length/width ratio was not signiﬁcantly different at ei-
ther 14 or 24 hpf (Fig. 5N). Protrusive activity was observed in both
control and mutant embryos, but with one notable difference: in
control embryos, active lamellipodial-like protrusions never ex-
tended beyond the boundary of the optic vesicle. In lama1UW1
mutant embryos, we sometimes observed protrusions that ex-
tended beyond the boundary of the optic vesicle. These
protrusions did not exhibit a characteristic lamellipodial-like
morphology, but rather appeared more bleb-like (Fig. 5H′,magenta
asterisk). These were reminiscent of protrusions that extended
beyond the limit of the optic vesicle in lamg1 mutants and mor-
phants during evagination (Ivanovitch et al., 2013). These data
suggest that despite the change in overall tissue morphology, the
ability to produce motile cell behaviors and undergo cell elonga-
tion is not dependent upon lama1.
Despite normal cellular behaviors, a separate, structural phe-
notype was observed. In control embryos, retinal progenitors
aligned with their neighbors, such that their apical and basal ends
were in register with each other throughout the course of optic
cup morphogenesis (Fig. 5A-F′). In this way, the retina maintained
its pseudostratiﬁed monolayer structure prior to the onset of
neurogenesis. In lama1UW1 mutant embryos, however, retinal
progenitors failed to maintain apicobasal register: though cells
were in register during the ﬁrst part of optic cup morphogenesis,
they appeared to sort into separate domains during invagination
(Fig. 5G-L′). At the end of optic cup formation, marked retinal
progenitors failed to span the width of the retina (Fig. 5L′). This
may be better visualized when moving through a confocal z-stack
of lama1UW1 control and mutant optic cups at 24 hpf (Movies S9,
S10). In control embryos, retinal progenitor cells were oriented
with their long axes pointing toward the lens (Fig. 1D, Movie S9).
In contrast, in lama1UW1 mutant embryos, cells appeared to be
organized into multiple domains; cells in some domains appeared
to be oriented with their long axes not pointing toward the lens
(Fig. 1H, Movie S10). Therefore, lama1 is required to maintain
correct retinal structure and orientation of progenitor elongation
through optic cup invagination, though it does not appear to be
required for retinal progenitors to produce protrusive cell beha-
viors and elongate.
3.6. Apicobasal polarity is disrupted in lama1 mutants
Laminin has been demonstrated to be critical for establishing
and maintaining epithelial polarity both in vitro and in vivo
(Martin-Belmonte and Mostov, 2008). At early stages of zebraﬁsh
optic vesicle evagination, ZO-1, a component of tight junctions, is
localized to the apical surface, opposite the laminin staining that
surrounds the optic vesicle (Ivanovitch et al., 2013). It was shown
that during optic vesicle evagination, laminin is important for es-
tablishing apicobasal polarity: in the lamg1 mutant (sleepym86),
ZO-1 was mislocalized to what should be the presumptive basal
surface, in addition to the apparent apical surface (Ivanovitch
et al., 2013). In that study, however, polarity was assayed speciﬁ-
cally during optic vesicle evagination stages; it is unknown how
epithelial polarity and structure might change throughout the
process of optic cup morphogenesis in the presence or absence of
laminin.
Therefore, we ﬁrst assayed polarity at the completion of optic
cup morphogenesis (24 hpf), in both lama1UW1 control and mutant
embryos. To do this, antibody staining was performed for a marker
of the apical surface, atypical protein kinase C (aPKC). We found
that in control embryos, aPKC was localized to a single apical
surface, at the interface between the neural retina and retinal
pigmented epithelium (Fig. 6A, green arrowhead). In lama1UW1
mutant embryos, however, localization of aPKC was disrupted.
Though polarity was disrupted with 100% penetrance, the exact
number of apical domains present was variable (Fig. 6B-D): in
addition to the correct apical domain (green arrowheads), multiple
ectopic domains of aPKC localization were found (yellow arrow-
heads), as well as ectopic puncta (magenta asterisks). The ectopic
domains and puncta were scattered throughout the retina. Similar
results were obtained using an antibody against the tight junction
protein ZO-1 (data not shown). These observations suggest that
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early defects in cell polarity that are caused by loss of laminin
proteins may persist through optic cup morphogenesis, resulting
in multiple, randomly positioned apical domains in the optic cup.
To determine how these multiple domains might arise and
change over time, we took a 4-dimensional live imaging approach
(Fig. 6E-P, Movie S11, S12), visualizing the apical surface using
pard3-GFP, a fusion of the zebraﬁsh homolog of the polarity pro-
tein pard3 to GFP (Geldmacher-Voss et al., 2003). Embryos were
injected at the one-cell stage with RNA encoding pard3-GFP.
At 13 hpf, in control embryos, pard3-GFP marked a coherent,
single apical surface lining the lumen of the optic vesicle (the in-
terface between the two layers of the optic vesicle) (Fig. 6E). As
optic cup morphogenesis proceeded, the single apical domain re-
mained intact, extending along the forming retina-RPE interface as
the optic vesicle elongated and subsequently underwent in-
vagination (Fig. 6E-J, Movie S11). At 24 hpf, the apical localization
of pard3-GFP is very similar to that of aPKC (Fig. 6A,J). Thus, the
apical domain that initially demarcates the layers of the optic
Fig. 6. Apicobasal polarity is disrupted from the earliest stages of optic vesicle morphogenesis. (A-D) Antibody staining for aPKC in control (A) and lama1UW1 mutant embryos
(B-D) reveals disruption of polarity at 24 hpf. green arrowheads, correct apical domain. yellow arrowheads, ectopic apical domains. asterisks, ectopic puncta. (E-P) Single
confocal sections from 4D datasets of apical domain dynamics (marked by pard3-GFP) in a lama1UW1 control embryo (E-J), or a mutant embryo (K-P). In lama1UW1 mutant
embryos, pard3-GFP localization is disrupted similar to aPKC. dashed blue line marks outline of optic vesicle. green arrowheads, correct apical domain. yellow arrowheads,
ectopic apical domains. Dorsal views; scale bar, 50 mm. A, anterior; P, posterior; M, medial; L, lateral.
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vesicle comes to form the interface between the retinal pigmented
epithelium and neural retina in the optic cup.
In the lama1UW1 mutant, we found that apicobasal polarity was
severely disrupted throughout optic cup morphogenesis. At 13 hpf,
the optic vesicle was already slightly misshapen (similar to Fig. 1E).
Apical identity was disrupted: pard3-GFP was found with a diffuse
cytoplasmic localization and also in puncta scattered randomly
throughout cells of the optic vesicle (Fig. 6K). As optic cup mor-
phogenesis proceeded, the diffuse cytoplasmic pard3-GFP ﬂuor-
escence gradually disappeared (by 22.2 hpf, Fig. 6O). Coherent
domains of pard3-GFP ﬂuorescence appeared to form and coalesce
stochastically (Fig. 6K-P, Movie S12). By the end of optic cup
morphogenesis, pard3-GFP localization resolved into multiple
apical domains, similar to what we observed by aPKC antibody
staining (Fig. 6B-D,P). In the particular embryo shown in Fig. 6P,
pard3-GFP was observed at both the correct location (the interface
between the neural retina and retinal pigmented epithelium, green
arrowhead), as well as at ectopic locations: at the interface be-
tween the neural retina and lens, and also in a domain extending
into the middle of the retina (yellow arrowheads). We conclude
that laminin is required for epithelial polarity: in the absence of
lama1, cell polarity is disrupted throughout the process of optic
cup morphogenesis, with cells randomly designating apical iden-
tity and self-organizing stochastically to generate multiple apical
domains.
4. Discussion
It has been long known that a rich extracellular matrix layer
surrounds the eye throughout the process of optic cup morpho-
genesis (Hendrix and Zwaan, 1975; Hilfer and Randolph, 1993;
Kurkinen et al., 1979; McAvoy, 1981; Parmigiani and McAvoy, 1984;
Peterson et al., 1995; Svoboda and O’Shea, 1987; Tuckett and
Morriss-Kay, 1986; Wakely, 1977; Webster et al., 1983, 1984), yet in
most cases, the function of speciﬁc matrix components in reg-
ulating the morphogenetic process remains unclear. Here, we de-
monstrate that laminin extracellular matrix regulates spatio-
temporally speciﬁc focal adhesion assembly, cell survival, cellular
protrusions, and cell polarity during optic cup morphogenesis.
Programmed cell death, likely anoikis due to the loss of substrate
attachment, is clearly induced, yet it appears to be separate from
the morphogenetic phenotypes, as inhibition of cell death does not
rescue optic cup formation. Previous work focusing on optic ve-
sicle evagination demonstrated that laminin is critical for tissue
organization, establishing cell polarity, and delimiting protrusive
activity (Ivanovitch et al., 2013). Here, we have extended those
observations to determine the role of laminin through the process
of optic cup formation, using a combination of genetics and 4-di-
mensional live imaging. Future work will aim to determine the
speciﬁc molecular mechanisms by which laminin controls these
diverse cellular processes.
Although the complex extracellular matrix layer has been de-
scribed to surround the developing eye in every vertebrate or-
ganism tested to date, how this affects focal adhesion assembly –
the output of functional extracellular matrix engagement – has
been unclear. Using vinculin antibody staining and 4D live imaging
of EGFP-vinculin, we ﬁnd that rather than reﬂecting the apparent
uniform distribution of laminin around the optic vesicle, focal
adhesions are assembled in a spatiotemporally speciﬁc manner,
primarily during optic stalk constriction and optic cup invagina-
tion. Further, removal of lama1 results in surprisingly divergent
effects: focal adhesion assembly is decreased during optic stalk
furrow formation, but increased during optic vesicle invagination.
We propose that the changes in adhesion disrupt both morpho-
genetic processes. While we would have predicted that focal ad-
hesions might be decreased by loss of laminin, the increase during
invagination is more surprising. We hypothesize that differential
interactions between ECM components and receptors may un-
derlie the apparently variable role of laminin in modulating
adhesion.
Our experiments do not indicate whether these effects due to
loss of laminin are direct or indirect. Laminin is not, of course, the
only extracellular matrix component present lining the basal sur-
face of the developing eye. In all vertebrates examined to date,
laminin, ﬁbronectin, and collagen surround the developing optic
vesicle and lens, in addition to the host of other glycoproteins also
found in the complex matrix. Their speciﬁc functions in optic cup
morphogenesis are unclear, though loss of one component may
impact the expression and function of other components. Our in-
itial experiments indicate that loss of lama1 results in disruption
of the uniform ﬁbronectin matrix around the anterior lens of the
Fig. 7. Model of laminin function during optic vesicle morphogenesis. During optic vesicle morphogenesis, lama1 is required for establishment of apicobasal polarity, but
also has spatiotemporally speciﬁc effects on focal adhesions. During optic stalk constriction, lama1 promotes focal adhesion assembly, but during optic cup invagination,
lama1 inhibits it. blue, laminin; magenta, vinculin; green, pard3.
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 27 
 
optic cup at 24 hpf, though no gross changes around the rest of the
optic vesicle or cup are apparent at either 14 hpf or 24 hpf (data
not shown). Thus, although loss of ﬁbronectin in the lama1UW1
mutant does occur in a spatiotemporally speciﬁc manner, obvious
changes in ﬁbronectin localization are not found in regions where
vinculin recruitment is affected, speciﬁcally at the optic stalk fur-
row or lens-retina interface. There is a possibility that loss of la-
minin leads to more subtle changes in ECM structure, for example,
ﬁbronectin ﬁbril assembly; future experiments will address these
possibilities. It is known that vinculin is recruited to focal adhe-
sions in a manner that is facilitated by tissue tension and ECM
stiffness (Pasapera et al., 2010). We speculate that during optic cup
invagination, laminin may serve to limit the stiffness and higher
order assembly of collagen and ﬁbronectin networks, thereby
limiting vinculin recruitment and focal adhesion assembly under
normal conditions.
One other structural defect we observed is that of the oblong
lens (Fig. 1). Instead of invaginating and forming a spherical
structure, the lens has a ﬂattened, ovoid shape. The lens volume is
unchanged (Fig. 2E), so speciﬁcation and proliferation are unlikely
to be affected. We hypothesize that an intact laminin extracellular
matrix is required to establish uniform circumferential tension
around the invaginating lens: loss of adhesion to the laminin
matrix between the prospective lens and retina results in a loss of
tension in the anterior-posterior axis, resulting in the oblong lens.
In addition, it is known that laminin is required for later steps of
lens development: lama1 mutants display lens degeneration or
extrusion (Pathania et al., 2014; Semina et al., 2006). It is possible
that these early defects in establishment of the proper lens
structure directly impact these later phenotypes. It has been pre-
viously reported that at later stages, focal adhesions are decreased
in the anterior segment of lama1 mutant embryos (Semina et al.,
2006); this decrease could be initiated early due to loss of both
laminin and ﬁbronectin (data not shown).
We propose the following model for laminin activity during
optic cup formation (Fig. 7). In wild type embryos, laminin sur-
rounds the optic vesicle throughout morphogenesis stages. Epi-
thelial polarity is established by the end of evagination, and the
single, coherent apical domain (separating the two layers of the
optic vesicle) is reshaped as the optic vesicle undergoes elongation
and invagination to form the optic cup. Focal adhesions are as-
sembled during optic stalk furrow formation and at the lens-retina
interface during invagination. Laminin promotes focal adhesion
assembly during optic stalk constriction, but may negatively
modulate it during optic cup invagination.
The analyses performed here, as well as detailed cellular ana-
lyses performed by other groups, have begun to inform a detailed
functional role for laminin in optic cup morphogenesis. In the
future, it will be important to both dissect the speciﬁc functions of
each extracellular matrix component and determine how each
affects the function of others in this complex morphogenetic
process.
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Supplementary Fig S1. Method for measuring basal endfoot width. (A-B′) At 14 hpf, a 
25 µm radius circle (yellow) was centered at the vertex of the optic stalk furrow. (C-D′) 
At 24 hpf, a 25 µm circle (yellow) was centered at the deepest point of the lens-retina 
interface. In all cases, basal surface length was measured using ImageJ. Within the circle, 
the number of cells in contact with the basal surface was counted (magenta dots). 
Average basal endfoot width was calculated by dividing the basal surface length by the 
number of cells in contact with it. (A-D) Single confocal sections for measurements. (A′-
D′) Zoomed images. Numbers in bottom right insets are numbers of cells in contact with 
the basal surface in that image. Dorsal views; scale bar, 50 µm. A, anterior; P, posterior; 















































CRANIAL NEURAL CREST CELLS REGULATE OPTIC CUP  
MORPHOGENESIS THROUGH MODIFICATIONS  
TO THE EXTRACELLULAR MATRIX 
 
Abstract 
 The interactions between a developing organ and its surrounding environment are 
critical in regulating its proper development. The vertebrate eye undergoes 
morphogenesis in close proximity to multiple tissues, and reciprocal signaling and 
mechanical crosstalk between each tissue is important for their development. Epithelial-
mesenchymal interactions are critical for the development of many organs; mesenchymal 
cells have been observed in close proximity to the eye throughout optic development, and 
while previous work has demonstrated that mutations which affect the periocular 
mesenchyme can cause morphogenetic defects within the optic cup, specific roles of the 
periocular mesenchyme have remained elusive. While it has long been known that the 
periocular mesenchyme is comprised of cells derived from both the neural crest and the 
mesoderm, no specific role has been identified for either cell population during optic cup 
morphogenesis, and the molecular nature of these tissues’ interactions with the eye are 
not well understood. Here, we utilize the zebrafish tfap2a;foxd3 double mutant which 
displays a very strong loss of neural crest cells to determine the role of the neural crest 
 31 
during optic cup morphogenesis. Using timelapse microscopy and four-dimensional cell 
tracking, we show that the neural crest is required for cell movements throughout the 
optic vesicle, and loss of the neural crest impairs optic cup morphogenesis. We 
demonstrate that neural crest cells are required for proper basement membrane formation 
around the developing retinal pigment epithelium, and that these neural crest cells 
express the extracellular matrix protein nidogen. Strikingly, ectopically expressing 
nidogen in the absence of neural crest cells partially restores optic cup morphogenesis. 
These results demonstrate that the neural crest is required for proper formation of the 
ocular extracellular matrix, which in turn drives optic cup morphogenesis. 
 
Introduction 
 Vertebrate eye development begins with specification of the eye field, followed 
by a series of tissue movements that together comprise optic cup morphogenesis (Hilfer, 
1983; Schmitt and Dowling, 1994; Schook, 1980; Walls, 1942). Initially, a pair of optic 
vesicles evaginate bilaterally from the developing forebrain; the optic vesicles will give 
rise to the neural retina and retinal pigment epithelium (RPE). These vesicles 
subsequently elongate, and the connection between the vesicle and brain is constricted, 
generating the optic stalk. Multiple tissue rearrangements occur during invagination, the 
final stage of optic cup morphogenesis: the optic vesicles buckle and begin to take on a 
hemispherical shape to accommodate the lens as it invaginates toward the vesicles from 
the overlying ectoderm, and the optic fissure forms along the ventral side of the optic 
vesicle and optic stalk. Lineage tracing and live imaging experiments performed in 
zebrafish have enabled cellular-level analysis of the morphogenetic movements that 
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occur during these stages of eye development. These experiments revealed that during 
invagination, a subset of cells that arise on the medial layer of the optic vesicle migrate 
around the rim of the vesicle and eventually take up residence within the lateral layer, 
contributing to the neural retina; those which remain on the medial layer will flatten and 
comprise the RPE (Heermann et al., 2015; Kwan et al., 2012; Li et al., 2000; Picker et al., 
2009; Sidhaye and Norden, 2017). However, despite all that is known regarding the 
movements that occur during vertebrate optic cup morphogenesis, the molecular and 
cellular mechanisms that regulate specific movements are still not well understood. 
Additionally, the optic vesicle undergoes morphogenesis in a complex environment 
containing multiple extraocular tissues, including the overlying ectoderm where the lens 
will develop, as well as the periocular mesenchyme (POM). While several of these 
tissues are known to contribute to optic cup morphogenesis, much is yet to be learned 
about how these interactions shape the eye. 
Mesenchymal cells have been shown to contribute to numerous morphogenetic 
programs and the development of multiple epithelial organs, and these contributions are 
frequently driven by mesenchymally-derived growth factors and signaling molecules. 
During mouse tooth placode morphogenesis, the nearby mesenchymal cell population is 
induced to express multiple morphogens including BMPs, WNTs, and FGFs which signal 
to the epithelium; this signaling regulates several stages of dental placode morphogenesis 
(Thesleff, 2003). In the mouse salivary gland, mesenchymal cell expression of Fgf10 is 
necessary and sufficient for directional morphogenesis of the salivary gland epithelium 
(Wells et al., 2013). Similar signaling-mediated interactions have been described in other 
organs and model systems. However, epithelial-mesenchymal communication is not 
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limited to signaling molecules: mesenchymal cells also affect morphogenesis through 
modifications to the extracellular matrix (ECM) that surrounds developing epithelia. 
Mesenchymal cells can drive morphogenesis through cleavage and destruction of ECM 
via proteolysis: for example, mesenchymally-expressed MMP-2 is required for branching 
morphogenesis in the developing mouse lung (Kheradmand et al., 2002). Conversely, 
mesenchymal cells can promote morphogenesis through deposition of new ECM 
components such as laminin and nidogen, reviewed in Nelson and Larsen (2015). 
Previous work has indicated a role for epithelial-mesenchymal interactions during 
optic cup morphogenesis, although the exact role and molecular nature of these 
interactions are largely unknown. The POM is a heterogeneous cell population in close 
proximity to the optic cup, comprised of neural crest cells and mesodermally-derived 
mesenchyme (Johnston et al., 1979), and multiple tissues in the mature eye are derived in 
part from these mesenchymal cell populations (Williams and Bohnsack, 2015). In 
addition to their contributions to structures within the mature eye, disruptions to 
transcription factors expressed in the POM during optic cup morphogenesis such as ap2a, 
pitx2 or zic2 lead to severe eye malformations (Bassett et al., 2010; Bohnsack et al., 
2012; Sedykh et al., 2017). For example, during mouse optic cup morphogenesis, the 
transcription factor AP-2a is expressed in the periocular mesenchyme and lens ectoderm 
and is absent from the optic vesicle. Despite this, AP-2a-null mice display severe 
patterning and morphogenesis defects within the optic stalk, neural retina, and RPE 
(Bassett et al., 2010). These defects may arise as a result of aberrant signaling: mouse 
ap2a mutants exhibit disruptions to Hedgehog signaling within the optic cup, a 
phenotype also observed in zebrafish zic2 mutants (Sedykh et al., 2017). Experiments in 
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chick explants suggest that POM-derived TGF-b signaling is crucial for specifying RPE 
cell fate, as well as the correct position of the developing lens in the overlying ectoderm 
(Fuhrmann et al., 2000; Grocott et al., 2011). These data suggest a critical role for the 
POM in regulating optic cup morphogenesis, possibly through regulating direct or 
indirect signaling to the optic cup. Interestingly, communication between these tissues 
appears to be bidirectional: the developing optic vesicle is known to signal to the 
migratory neural crest, in part through retinoic acid and PDGF signaling (Bohnsack et al., 
2012; Eberhart et al., 2008; Lupo et al., 2011). In zebrafish rx3 mutants, eye specification 
fails to occur; these embryos subsequently display aberrant craniofacial neural crest 
migration (Langenberg et al., 2008), indicating that the eye is at least partially responsible 
for proper anterior neural crest migration. However, many of the molecules that mediate 
these bidirectional epithelial-mesenchymal interactions during optic cup morphogenesis 
have yet to be discovered. 
In other organ systems, mesenchymal cells are known to drive morphogenetic 
events through modifications to the ECM. A complex ECM has long been known to 
surround the developing optic vesicle throughout optic cup morphogenesis (Hendrix and 
Zwaan, 1975; Kwan, 2014; Peterson et al., 1995; Svoboda and O’Shea, 1987; Tuckett 
and Morriss-Kay, 1986), yet the specific functions of many of the components of this 
ECM are still unknown. Attachment to the ECM is often required for survival signaling, 
and loss of this attachment can lead to cell death through anoikis (Frisch and Francis, 
1994). The ECM also provides structural integrity to epithelia (Halfter et al., 2015; Miner 
and Yurchenco, 2004; Shawky and Davidson, 2015). Despite this broad knowledge about 
ECM function, only recently have specific roles of fibronectin (Hayes et al., 2012; Huang 
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et al., 2011) and laminin (Bryan et al., 2016; Ivanovitch et al., 2013; Sidhaye and Norden, 
2017) during optic cup morphogenesis been elucidated, and both of these ECM proteins 
are expressed by the optic vesicle itself. POM cells could modify the ocular ECM by 
expressing ECM-degrading proteins such as metalloproteases, or structural ECM proteins 
such as nidogens: both are expressed by mesenchymal cells during morphogenesis of 
other organs. The roles of many ECM proteins during optic cup morphogenesis, 
especially those which may be produced by mesenchymal cells, have not been studied in 
detail, and their functions during this process remain a mystery. 
 The POM likely regulates multiple aspects of optic cup morphogenesis, yet many 
questions remain about the nature of the interactions between the POM and the 
developing eye. What is the specific contribution of the neural crest versus the 
mesodermal mesenchyme? In this study, we sought to characterize the role of the neural 
crest in regulating morphogenesis of the developing optic cup. When and where do neural 
crest cells interact with the optic vesicle during optic cup morphogenesis? Is the neural 
crest cell population required for optic cup morphogenesis? Are there tissue or cellular 
morphogenetic events within the developing eye that depend on the neural crest? At a 
molecular level, how do neural crest cells interact with and regulate behaviors within the 
optic cup? Here we demonstrate that loss of neural crest cells, via 2 independent genetic 
methods, impairs optic cup morphogenesis. Using 4-dimensional timelapse imaging and 
computational methods, we pinpoint the specific cell movements within the optic cup that 
are dependent on the neural crest. Finally, we uncover a key molecular effector of neural 
crest crosstalk with the eye: our results indicate that neural crest cells regulate optic cup 
morphogenesis through deposition of a crucial modulator of ECM structure. 
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Results 
Neural crest is in contact with the optic vesicle throughout optic  
cup morphogenesis 
 In zebrafish, optic cup morphogenesis occurs from 10-24 hours postfertilization 
(hpf), during which the optic vesicles undergo a series of stereotypical movements and 
shape changes to become the organized optic cup, comprised of the neural retina, retinal 
pigment epithelium (RPE), and the lens. To begin to determine when and how the neural 
crest cell population might affect optic cup morphogenesis, we sought to first identify 
when and where neural crest cells interact with the developing eye tissues. To visualize 
both eye tissues and neural crest, we crossed two transgenic zebrafish lines: 
Tg(bactin2:EGFP-CAAX)z200, in which GFP ubiquitously labels cell membranes, and 
Tg(sox10:memRFP)vu234 (Kirby et al., 2006), in which neural crest cell membranes are 
marked with membrane-bound RFP. Using embryos from this cross we performed 
timelapse imaging during optic cup morphogenesis, from 12.5 hpf-24.5 hpf (Fig 3.1, 
Movies S1, S2). We find that as early as 12.5 hpf, neural crest cells are already in contact 
with the posterior margin of the optic vesicle (Fig 3.1A, A’). Initially, neural crest cells 
migrate anteriorly in the space between the prospective brain and optic vesicle (Fig 3.1B, 
Movie S1); beginning around 16 hpf, the developing optic stalk is gradually enwrapped 
by neural crest cells (Fig 3.1B’, Movie S2). Neural crest cells also migrate laterally and 
ventrally to encompass the posterior and ventral sides of the optic cup, and the neural 
crest has entered the optic fissure and is migrating toward the space between the neural 
retina and lens by 24.5 hpf (Fig 3.1D’). By the end of optic cup morphogenesis, neural 
crest-derived cells have encapsulated the RPE side of the optic cup (Fig 3.1D). 
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Neural crest cells are required for proper optic cup morphogenesis 
 Multiple studies have suggested there may be developmental crosstalk between 
the developing eye and the neural crest (Bohnsack et al., 2012; Eberhart et al., 2008; 
Grocott et al., 2011; Langenberg et al., 2008; Sedykh et al., 2017). As we see neural crest 
cells in contact with the optic vesicles at early stages of eye development, we sought to 
determine whether the neural crest cells are required for proper optic cup morphogenesis. 
To test the requirement for neural crest, we used two independent genetic models, both of 
which exhibit a widespread depletion of neural crest.  
 The zebrafish tfap2a;foxd3 double mutant has been demonstrated to exhibit a 
strong loss of neural crest cells (Arduini et al., 2009; Wang et al., 2011). We crossed 
adult tfap2ats213;foxd3zdf10 heterozygote carriers to two transgenic lines: 
Tg(bactin2:EGFP-CAAX) and Tg(sox10:memRFP). Crossing these two transgenic/double 
heterozygote lines enabled us to visualize the optic cup as well as to assay the presence of 
any remaining neural crest cells in the tfap2a;foxd3 double mutant. At 24 hpf, 
tfap2a;foxd3 mutants display several optic cup morphogenesis defects. At the 
dorsal/ventral midpoint of the optic cup, the nasal side of the neural retina remains flatter 
than in sibling control embryos and fails to completely enwrap the lens, indicative of a 
defect in optic cup invagination (Fig 3.2A, B, G). The optic fissure, a cleft structure 
which runs along the ventral side of the optic stalk and into the optic cup where it is 
bounded by nasal and temporal margins in the ventral retina, is also disrupted in 
tfap2a;foxd3 double mutants. Control embryos display two very closely apposed margins 
(Fig 3.2H) while the margins in tfap2a;foxd3 mutants are wideset, indicative of a defect 
in optic fissure formation (Fig 3.2I). At 24 hpf, tfap2a;foxd3 double mutants show a 
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dramatic reduction of sox10:memRFP-positive cells in the vicinity of the optic cup (Fig 
3.2E, L) compared to wildtype controls (Fig 3.2D, K), with a notable absence on the 
nasal side of the optic cup (Fig 3.2L). Since incrosses of tfap2a;foxd3 heterozygote adults 
yield both single as well as double mutant genotypes, we characterized tfap2a and foxd3 
single mutants as well. Neither single mutant displays as severe optic cup morphogenesis 
defects as the double mutant (Fig S3.1A, B, E), likely due to the presence of more 
remaining neural crest cells in either single mutant compared to the double mutant (Fig 
S3.1C, D). 
 As a second means of testing the requirement for neural crest cells in optic cup 
morphogenesis, we assayed optic cup morphogenesis in alyronz24 (paf1) mutants where 
neural crest development is severely impaired (Cretekos and Grunwald, 1999). Although 
ubiquitously expressed, disruptions to components of the Paf1 complex result in severe 
reductions in neural crest gene expression, coupled with developmental defects in neural 
crest derived tissues (Akanuma et al., 2007; Langenbacher et al., 2011; Nguyen et al., 
2010). We observe that optic cup invagination is even more severely disrupted in paf1 
mutants when compared to wildtype controls and tfap2a;foxd3 mutants (Fig 3.2C, G). 
We also visualized neural crest in paf1 mutants and saw a reduction in sox10:memRFP-
positive cells surrounding the optic cup at 24 hpf (Fig 3.2F, M), similar to the neural crest 
loss seen in the tfap2a;foxd3 double mutant. However, as paf1 and other members of the 
Paf1 complex are expressed ubiquitously (Nguyen et al., 2010; Thisse and Thisse, 2004), 
it is possible that paf1 also plays a role in development of the optic vesicle itself, which 
could account for the more severe morphogenesis defects we observe in the paf1 mutants. 
Thus, further analysis on the role of neural crest in optic cup morphogenesis was carried 
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out solely using the tfap2a;foxd3 double mutant.  
 Previous studies have implicated a role for the periocular mesenchyme in closure 
of the optic fissure along the ventral side of the retina and optic stalk (Hero, 1990; Hero 
et al., 1991; James et al., 2016; Lupo et al., 2011; Weiss et al., 2012). Consistent with 
these data, we see optic fissure defects and gaps in ocular pigmentation (coloboma) in 
tfap2a;foxd3 double mutants at 52hpf (Fig 3.2 O, P). However, the previous studies have 
focused largely on the stages surrounding optic fissure fusion, during which the POM do 
appear to play an active role. Therefore, by assaying at 24 hpf, our data demonstrate that 
the neural crest is additionally required for the earlier stages of optic cup morphogenesis 
and optic fissure formation. 
 
TGF-b signaling is unaffected by loss of neural crest, while  
Pax2a expression is expanded 
 The finding that neural crest cells are required for early stages of optic cup 
morphogenesis raised the possibility that neural crest cells were providing a signaling cue 
to the developing optic cup. Work performed in chick optic vesicle explants 
demonstrated that periocular mesenchyme cells are necessary for proper RPE 
specification and development; this requirement could be bypassed through treatment 
with the TGF-b family member Activin (Fuhrmann et al., 2000). Additional experiments 
have suggested that neural crest cells repress lens specification through TGF-b signaling 
to ensure proper positioning of the lens (Grocott et al., 2011). Thus, we sought to 
determine whether the neural crest is necessary for proper TGF-b signaling to the 
developing eye in zebrafish. Using an antibody against phospho-Smad3 to detect 
 40 
locations of active TGF-b signaling, we did not detect any differences in phospho-Smad3 
localization between wildtype (Fig 3.3A, C) and mutant optic cups (Fig 3.3B, D; Fig 
S3.2A-D) at 24 hpf. This result indicates that the neural crest subpopulation of POM is 
not required for proper TGF-b signaling to the developing optic cup in zebrafish. 
 As we observed morphogenetic anomalies in anterior and ventral portions of the 
optic cup in tfap2a;foxd3 double mutants, we hypothesized that the neural crest might be 
required for some aspect of optic cup patterning. Using an antibody against Pax2a, a 
transcription factor expressed in the ventronasal optic cup and optic stalk (Fig 3.3E, G), 
we found that Pax2a expression is expanded into the RPE layer in tfap2a;foxd3 double 
mutants, in cells located more dorsally or temporally than observed in wildtype eyes (Fig 
3.3F, H). This expansion was consistently observed in tfap2a;foxd3 double mutants as 
well as both tfap2a and foxd3 single mutants (Fig S3.2 E-H). The specificity of expansion 
of Pax2a into portions of the RPE, but not into ectopic portions of the neural retina, 
suggests that these defects might be due to alterations of cellular movements within the 
optic cup as opposed to widespread optic patterning defects. 
 
Neural crest cells are required for proper cell movements within 
the optic vesicle 
 The optic cup invagination and choroid fissure formation defects at 24 hpf 
suggested that cell movements within the optic cup were disrupted in the tfap2a;foxd3 
double mutant. We therefore sought to pinpoint any cell movements disrupted by loss of 
neural crest to determine how widespread any movement defects are; this in turn could 
give us clues regarding the nature of the molecular interaction between the optic vesicle 
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and neural crest. Since we observed defects in invagination, we focused on the cellular 
movements that occur during this process. We focused on two movements which are 
executed by cells that reside on the medial layer of the optic vesicle that appear to interact 
with the neural crest. The first involves RPE movement and flattening during optic cup 
morphogenesis, while the second, rim involution, involves a subset of optic vesicle cells 
that migrate around the optic cup rim into the prospective neural retina from the opposite 
layer of the optic vesicle, where the RPE will develop (Heermann et al., 2015; Kwan et 
al., 2012; Picker et al., 2009; Sidhaye and Norden, 2017). In mutant optic cups, we 
consistently observed an expansion of Pax2a expression into the RPE layer, while Pax2a 
is normally absent from this region in wildtype embryos; failure of Pax2a-expressing 
cells to undergo rim movement into the neural retina could result in their residing in the 
RPE layer of the optic cup. Therefore, we hypothesized that rim involution might be 
disrupted in the absence of neural crest cells. To test this possibility, as well as to 
determine how widespread the cell movements are which depend on the neural crest, we 
performed live imaging and 4-dimensional cell tracking of cells within optic cups of 
wildtype and tfap2a;foxd3 double mutant embryos (Fig 3.4). 
 As we saw obvious invagination defects on the nasal side of 24 hpf tfap2a;foxd3 
double mutant optic cups, we began by retrospectively tracking those cells from their 
final positions at 24 hpf, and visualizing the movements of cells into that portion of the 
optic cup. The differences between wildtype and tfap2a;foxd3 mutant nasal RPE cells are 
most apparent, with a clear change in trajectory shape. While the nasal RPE population 
arises in the same position in both genotypes, wildtype nasal RPE cells continually move 
toward the anterior and lateral sides of the embryo (Fig 3.4C-C’’’, Movie S3). In contrast, 
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the tfap2a;foxd3 nasal RPE cell population only moves in a straight, anterior direction 
until 19.5 hpf when they make a sudden, 90-degree turn in the lateral direction (Fig 3.4D-
D’’’, Movie S4). 
The effects we observe in the temporal retina are somewhat subtler, but still 
detectable through cell tracking. We find that both wildtype (Fig 3.4E-E’’’, Movie S5) 
and tfap2a;foxd3 double mutant nasal retinal cells (Fig 3.4F-F’’’, Movie S6) arise in 
equivalent domains (Kwan et al., 2012) and follow a similar trajectory during optic cup 
morphogenesis, with one key difference: while wildtype retinal cells undergo a lateral 
turn away from the midline around 17.75 hpf (Movie S5), that same turn is delayed in the 
tfap2a;foxd3 mutant until approximately 19.5 hpf (Movie S6). 
 To test how widespread the alterations to optic vesicle cell movements are, we 
tracked cells which contribute to the temporal retina. Despite a lack of gross 
morphological defects in the temporal side of the optic cup, we found differences 
between wildtype and tfap2a;foxd3 double mutants on this side of the optic vesicle as 
well. In wildtype embryos, the cells that undergo rim involution on the temporal side of 
the optic cup begin to migrate around the rim of the optic cup at approximately 20 hpf, 
with noticeable movement back into the neural retina visible by 22 hpf (Fig 3.4G-G’’’, 
Movie S7). In the tfap2a;foxd3 double mutant, these same cells either do not begin 
migrating around the rim until 22 hpf, or do not migrate into the neural retina at all by 24 
hpf (Fig 3.4 H-H’’’, Movie S8). 
 These results reveal that the neural crest is responsible for regulating cell 
movements widely throughout the optic vesicle, and underscore the power of individual 
cell tracking. Even despite there being no obvious gross morphological defects in the 
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temporal hemisphere of the optic cup, using this technique, we can identify movement 
deficits. The global aberrations to cell movements we observe within the optic cups of 
tfap2a;foxd3 double mutants demonstrate that the neural crest is required for RPE 
movements and rim involution throughout the optic cup during invagination. 
 
The extracellular matrix protein nidogen is expressed in neural 
crest cells surrounding the optic cup 
 Having demonstrated a requirement for neural crest cells in driving cell 
movements within the developing optic cup, we sought to determine the molecular 
mechanism by which the neural crest could promote those cell movements. Recent work 
has demonstrated that retinal invagination is dependent on the laminin extracellular 
matrix (Bryan et al., 2016; Sidhaye and Norden, 2017) and that rim involution 
specifically is altered when attachments to the ECM are disrupted (Sidhaye and Norden, 
2017). As we have demonstrated that rim involution is disrupted in the tfap2a;foxd3 
double mutant, we hypothesized that the neural crest could be modifying the ECM to 
drive this movement. 
 In mouse, the ECM protein nidogen has previously been shown to be expressed 
by mesenchymal cells in the vicinity of both kidney and lung during their development, 
but not by the epithelial portions of these organs. Intriguingly, inhibition of 
nidogen/laminin interactions through blocking antibodies in primary organ culture or loss 
of function mutations in vivo impairs branching morphogenesis of the lung, as well as 
tubular morphogenesis in the developing kidney (Bader et al., 2005; Ekblom et al., 1994; 
Kadoya et al., 1997; Willem et al., 2002). Further, the combination of laminin-1, nidogen, 
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and the TGF-b factor nodal was sufficient to support optic cup morphogenesis in mouse 
retinal organoids (Eiraku et al., 2011). In vivo, laminin transcripts are expressed within 
the developing optic vesicle during optic cup morphogenesis (Dong and Chung, 1991; 
Lee and Gross, 2007; Pollard et al., 2006; Semina et al., 2006). In mouse, nidogen 
expression has been observed in the POM and invaginating lens (Dong and Chung, 
1991), and published zebrafish in situ hybridizations suggested that both nidogen 1b and 
nidogen 2a were expressed in the cranial neural crest (Kudoh et al., 2001; Thisse and 
Thisse, 2004; Zhu et al., 2017). However, the role of nidogen during optic cup 
morphogenesis has never been investigated in vivo. Because the specific periocular cell 
populations expressing nidogens had not been completely defined, we sought to 
determine with cellular resolution the expression of the four zebrafish nidogen genes in 
and around the developing eye. Using Tg(sox10:GFP)ba4 transgenics, we found that both 
nid1b and nid2a are expressed in sox10:GFP-positive neural crest cells migrating around 
the developing optic cup (Fig 3.5). We also observed both nid1b and nid2a expressed in 
the overlying ectoderm as well as the developing lens at 18 and 24 hpf, while both are 
notably absent from the neural retina and RPE. At these same times, nid1a is expressed 
solely in the developing somites (Fig S3.3A, E, I); while nid2b is detected diffusely 
throughout the head (Fig S3.3D, H, L).  
 Antibody staining in wildtype embryos revealed that nidogen protein is detected 
around cells which appear to be migrating between the brain and the optic vesicle at 18 
hpf (Fig 3.6A, A’), and is detectable in the basement membranes surrounding the RPE, 
neural retina, and lens at 24 hpf (Fig 3.6C-C’’). As neural crest cells would be the only 
source for nidogen protein for the basement membrane surrounding the RPE, 
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tfap2a;foxd3 double mutants that lack these cells also lack nidogen protein between the 
brain and RPE (Fig 3.6B, B’, D, D’), while the basement membranes surrounding the 
lens and retina are unaffected (Fig 3.6D’’). These data suggest that neural crest cells 
deposit the nidogen proteins found in the basement membrane surrounding the 
developing RPE. 
 To determine whether loss of neural crest affected other components of the 
extracellular matrix, we also investigated whether localization or expression of the ECM 
components laminin-1 or fibronectin were altered in the tfap2a;foxd3 double mutant. 
Antibody staining for laminin (Fig S3.4A-D) and fibronectin (Fig S3.4E-H) revealed no 
obvious differences between wildtype and double mutant embryos, indicating that loss of 
neural crest in the tfap2a;foxd3 mutant specifically affects the localization of nidogen 
along the surface of the RPE. 
 
The basement membrane around the developing RPE is disrupted 
in tfap2a;foxd3 double mutants 
 Several loss-of-function studies in mouse have demonstrated that nidogen is 
required for proper formation of basement membranes around the kidney, heart, lung and 
limbs (Bader et al., 2005; Böse et al., 2006; Ekblom et al., 1994; Kadoya et al., 1997). 
Although we did not see any effects on expression or localization of other components of 
the basement membrane in the neural crest mutants under light microscopy, we sought 
directly visualize the assembled basement membranes around the eye which would allow 
us to detect any differences in ECM ultrastructure. Using transmission electron 
microscopy, we visualized the basement membranes at the basal surfaces of the brain and 
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RPE, as well as the neural retina and lens in 24 hpf control (Fig 3.7A-D) and 
tfap2a;foxd3 double mutant embryos (Fig 3.7E-H). We observed specifically localized 
defects in the tfap2a;foxd3 double mutant in the basement membrane surrounding the 
RPE (Fig 3.7F); this basement membrane appeared disorganized and not as well defined 
as the same structure in controls (Fig 3.7B). Somewhat surprisingly, although neural crest 
cells migrate in the space between the brain and the optic vesicle, the basement 
membrane lining the developing forebrain appears normal in tfap2a;foxd3 double 
mutants and is undistinguishable from control embryos (Fig 3.7A, E), suggesting that 
neural crest cells are specifically required for formation of the basement membrane 
surrounding the RPE. The basement membranes lining the neural retina (Fig 3.7C, G) and 
lens (Fig 3.7D, H) also appeared normal in the tfap2a;foxd3 double mutants compared to 
wildtype controls, as expected due to the nidogen produced by the lens placode. These 
results confirm that neural crest cells are required for proper formation of the basement 
membrane surrounding the RPE, possibly through deposition of nidogen which is absent 
from this surface in the tfap2a;foxd3 double mutant. 
 
Dominant-interfering nidogen disrupts optic cup morphogenesis 
 The basement membrane loss we observed around the RPE in the tfap2a;foxd3 
mutant was reminiscent of the basement membrane loss observed in several organs in 
mouse models where nidogen was disrupted, either through loss of function mutations or 
through disruptions to laminin-nidogen complex formation. This observation, coupled 
with the finding that nid1b and nid2a are expressed by neural crest cells during optic cup 
morphogenesis, suggested a functional role for nidogen in optic cup morphogenesis. 
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Nidogen’s interactions with laminins and other ECM components have been well 
characterized in vitro, and because previous studies have reported genetic compensation 
in instances where some but not all nidogens were disrupted (Bader et al., 2005; Böse et 
al., 2006; Zhu et al., 2017), we elected to use a dominant-interference strategy to disrupt 
nidogen function using a well characterized truncated form of nidogen, Nd-III. This 
truncated form of nidogen lacks the G1 and G2 domains required for collagen IV and 
heparin sulfate proteoglycan binding, but retains the laminin binding domain (Fox et al., 
1991; Reinhardt et al., 1993). Nd-III acts in a dominant-negative fashion by inhibiting 
bridging between laminin and other extracellular matrices, and preventing full length 
nidogen from binding to laminin (Pujuguet et al., 2000). Using the Tol2kit (Kwan et al., 
2007) we generated transgenic zebrafish which expressed lyn-mCherry as an expression 
reporter, as well as a 2A peptide upstream of either full-length zebrafish nid1a (Fig 3.8A, 
WT-Nid1a), or a truncated form of nid1a based on the mouse Nd-III fragment (Fig 3.8A, 
DI-Nid1a). By generating heat-shock inducible transgenes, we were able to control the 
timing when WT-Nid1a and DI-Nid1a would be expressed, and by driving lyn-mCherry 
from the same transcript, we were able to visualize all cells that expressed the transgene 
(see Materials and Methods for full transgenic nomenclature). 
 We previously observed neural crest cells arriving at the optic vesicle as early as 
12 hpf (Fig 3.1). Therefore we performed heat-shocks from 12-13 hpf to induce WT-
Nid1a or DI-Nid1a expression at the onset of neural crest migration around the optic 
vesicle. We crossed zebrafish containing hs:WT-Nid1a or hs:DI-Nid1a transgenes with 
Tg(bactin2:EGFP-CAAX) transgenics, which enabled us to image the optic cups of 
hs:WT-Nid1a transgene-positive embryos which had not been heat-shocked (Fig 3.8B, 
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B’) as a control. We found that ubiquitous overexpression of WT-Nid1a slightly, but 
significantly impaired invagination compared to control embryos (Fig 3.8C, C’, E), and 
we noted that lens morphogenesis is also subtly altered such that the lens is not 
completely spherical. However, overexpressing DI-Nid1a substantially impaired 
invagination, resulting in striking phenotypes including a severely flattened neural retina 
and ovoid lens (Fig 3.8 D, D’, E). To ensure these phenotypes were due to effects on the 
optic cup itself and not due to a disruption to neural crest migration, we generated double 
transgenics with sox10:GFP and either hs:WT-Nid1a or hs:DI-Nid1a to visualize neural 
crest cells in the presence of WT-Nid1a or DI-Nid1a. We find that neither overexpression 
of WT-Nid1a or DI-Nid1a affects neural crest migration (Fig 3.8F, G). We therefore 
conclude that DI-Nid1a strongly impairs optic cup morphogenesis, possibly through 
direct effects on the optic vesicle and not indirectly through the neural crest cells 
themselves. 
 
Nidogen can partially rescue tfap2a;foxd3 double mutant optic cup 
phenotypes 
 Nidogen expression in the neural crest, coupled with the phenotypes we observed 
when we ubiquitously overexpressed DI-Nid1a, suggested that disruptions to the nidogen 
matrix might be the underlying cause of the morphogenesis defects we observed in 
mutants where neural crest cells are lost. 
 We sought to understand if the optic cup morphogenesis defects we observed in 
the tfap2a;foxd3 mutants are indeed due to a lack of nidogen which would be deposited 
by neural crest cells. To test this, we sought to ubiquitously overexpress WT-Nid1a in 
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tfap2a;foxd3 mutants where there would be no neural crest cells present to deposit 
nidogen. In effect, we wanted to determine whether WT-Nid1a could rescue optic cup 
morphogenesis, fully or in part, in tfap2a;foxd3 double mutants. We generated 
tfap2a;foxd3 mutants that contained both the EGFP-CAAX transgene, as well as the 
hs:WT-Nid1a transgene. In these embryos, we could visualize the optic cups of both 
undisturbed embryos, as well as those that were heat-shocked from 12-13 hpf. In control, 
nonheat-shocked embryos (Fig 3.9A-B’), we observed the usual invagination defects in 
tfap2a;foxd3 mutants compared to their wildtype siblings (Fig 3.9E). Much to our 
surprise, wildtype and tfap2a;foxd3 mutant embryos that were heat-shocked from 12-13 
hpf looked phenotypically similar (Fig 3.9C-D’) and we did not detect a difference when 
comparing their levels of invagination (Fig 3.9E). From this experiment, we conclude 
that optic cup morphogenesis depends on nidogen, and that ectopic expression of nidogen 
from the optic cup and surrounding tissues can partially rescue mutant phenotypes caused 
by loss of nidogen producing cells. 
 
Discussion 
Interactions with neural crest cells drive optic cup morphogenesis 
 Crosstalk between developing tissues is critical for proper morphogenesis of 
multiple tissues and their subsequent function. This theme is seen throughout 
organogenesis, with epithelial-mesenchymal interactions being of particular importance. 
Developing epithelia frequently require surrounding mesenchyme in order to adopt their 
mature, functional shapes: the lung, kidney, salivary gland, and tooth placode are but a 
few examples where these interactions are critical (Bader et al., 2005; Ekblom et al., 
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1994; Kadoya et al., 1997; Thesleff, 2003). A complex, dynamic mesenchyme is known 
to surround the developing eye, and mesenchymal cells contribute to later-developing 
optic tissues such as the hyaloid vasculature and structures within the anterior segment 
(James et al., 2016; Soules and Link, 2005). Disruptions to the periocular mesenchyme 
have profound effects on the developing optic cup, such as morphogenetic defects that 
stretch from the neural retina into the optic stalk and optic fissure (Bassett et al., 2010; 
Lupo et al., 2011), but many of these analyses have been unable to resolve specifically 
when or where defects arise within the optic cup. Additionally, the periocular 
mesenchyme is comprised of both neural crest and mesodermally-derived mesenchymal 
cells (Gage et al., 2005; Johnston et al., 1979), and much has yet to be learned about the 
specific molecular contributions from either tissue during early optic cup development. 
Here, using the zebrafish tfap2a;foxd3 double mutant, which displays a near complete 
loss of neural crest cells (Arduini et al., 2009; Wang et al., 2011), we conclusively 
demonstrate that the neural crest subpopulation of the periocular mesenchyme is critical 
for morphogenesis of the optic cup. Through live imaging experiments, we visualize 
neural crest cells and see that they migrate around the optic vesicle throughout much of 
optic cup morphogenesis, and are required for cellular movements within the optic 
vesicle. In particular, RPE cell movements and rim involution depend on the presence of 
neural crest cells. 
 The periocular mesenchyme has long been observed in close proximity with the 
developing optic cup, but its specific functions have remained elusive. One possible 
mechanism mesenchymal cells may use to drive optic cup morphogenesis is by 
modulating the signaling received by the optic vesicle during its development. Zebrafish 
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zic2a;2b double mutants display disruptions to the periocular neural crest, in addition to 
molecular and morphological hallmarks of expanded Hedgehog signaling within the optic 
cup (Sedykh et al., 2017). Dampening of Hh signaling in these mutants reduces the 
frequency of optic cup morphogenesis defects, suggesting that the neural crest could 
serve as a negative regulator of Hh signaling to the eye, possibly through decreasing Hh 
ligand availability via alterations to the ECM; alternately, zic2a/2b may regulate Hh via 
some function intrinsic to the optic cup itself. In chick, periocular mesenchyme is 
required for RPE development: optic vesicle explants cultured without any periocular 
mesenchyme do not develop RPE (Fuhrmann et al., 2000). RPE specification could be 
achieved without mesenchymal cells through treatment with Activin, a TGF-b family 
member, suggesting that the POM serves as a source for TGF-b signaling to the optic 
cup. We did not observe a difference in TGF-b signaling in the optic cup in tfap2a;foxd3 
double mutants (using pSmad3 as a readout); additionally, neural crest cells are not 
required for the development of RPE in zebrafish, as we observed obvious pigmentation 
of tfap2a;foxd3 mutant eyes at 52 hpf. These results suggest two possibilities: RPE 
development could be regulated through different mechanisms in the zebrafish versus the 
chick, or the mesodermal mesenchyme is sufficient for TGF-b signaling to the optic cup 
and to drive RPE development in the absence of neural crest cells in zebrafish. Evidence 
indicates the latter possibility is more likely: zebrafish one-eyed pinhead mutants display 
a severe disruption to mesoderm development, and as the name suggests, present with 
severe optic cup morphogenesis defects and unpigmented eyes (Schier et al., 1997). A 
differential role for the mesenchymal populations would not be surprising: even among 
neural crest cells, differences arise between the cranial and trunk populations. In the 
 52 
future, it will be interesting to dissect the specific roles of the mesodermal mesenchyme 
in optic cup morphogenesis. 
 
Neural crest cells promote morphogenesis through the ECM  
protein nidogen 
 Several studies have implicated the ECM surrounding the optic vesicle as a key 
player in driving optic cup morphogenesis. Loss of fibronectin from the lens ectoderm 
impairs lens placode formation and morphogenesis in the mouse (Huang et al., 2011). 
Zebrafish mutants lacking fibronectin display lens morphogenesis defects as early as 2 
dpf, although it has been hypothesized that maternal deposition of fibronectin may mask 
earlier requirements for fibronectin during optic cup morphogenesis (Hayes et al., 2012). 
In retinal organoid culture, the minimal mixture of components needed to elicit optic cup 
morphogenesis is nodal, a TGF-b ligand, and the ECM components laminin-1 and 
nidogen (Eiraku et al., 2011). The roles of laminin in early eye development have 
recently been described: laminin is required for proper adhesion of cells within the optic 
vesicle to the ECM, and disruptions to these adhesions impairs establishment of 
apicobasal polarity and subsequent morphogenesis (Bryan et al., 2016; Ivanovitch et al., 
2013; Nicolás-Pérez et al., 2016; Sidhaye and Norden, 2017).  
 The role of nidogen in optic cup morphogenesis has remained elusive until now, 
although its roles in other organ systems have been previously investigated. While 
nidogens are ubiquitous components of basement membranes, the mesenchymal cells in 
the embryonic lung and kidney are those tissues’ sole source of nidogens (Ekblom et al., 
1994; Kadoya et al., 1997; Senior et al., 1996). Disruptions to nidogen function, either 
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through blocking antibodies or loss-of-function mutations, impedes epithelial 
morphogenesis of the lung, kidney and developing limb (Bader et al., 2005; Böse et al., 
2006; Ekblom et al., 1994; Kadoya et al., 1997). Here, we demonstrate that neural crest 
cells produce the nidogen which is deposited along the basal surface of the RPE, and that 
neural crest cells are required for formation of the basement membrane along this surface. 
Impairing nidogen function, either through loss of neural crest cells or through expression 
of a dominant-interfering form of Nid1a, lead to defects in optic cup morphogenesis. 
Intriguingly, overexpression of full-length Nid1a also causes slight defects in optic cup 
invagination, suggesting that an optimal level of nidogen is required for proper ECM 
function. Consistent with this, loss of the nidogen-binding site in the laminin g1 chain 
results in higher penetrance of renal defects than when both nidogen 1 and 2 are lost 
(Bader et al., 2005; Willem et al., 2002); this was predicted to be due to an increase of 
free nidogen incapable of binding to laminin, which could sequester other components of 
the ECM and interfere with other matrix interactions (Bader et al., 2005).  
 How the addition of nidogen to the ECM surrounding the optic cup promotes the 
morphogenetic movements required for optic cup morphogenesis is unclear. While both 
laminin and fibronectin were still detectable around the RPE in the absence of neural 
crest cells, we did not detect a normal basement membrane at this site. This finding is 
consistent with mouse nidogen mutants that show similar basement membrane defects 
around the developing kidney, lung, and heart, despite retention of other ECM 
components (Bader et al., 2005). Proper attachment to the ECM is required for many 
aspects of optic cup morphogenesis including RPE cell movements and rim involution 
(Bryan et al., 2016; Hayes et al., 2012; Martinez-Morales et al., 2009; Sidhaye and 
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Norden, 2017), two processes which we show to be disrupted in the absence of neural 
crest. We predict that through deposition of nidogen into the ECM, neural crest cells 
generate a permissive environment which enables timely migration of the optic vesicle 
cells which move around the rim of the optic vesicle and into the developing neural 
retina. Disruptions to nidogen function, either through loss of neural crest cells or through 
expression of a dominant-interfering form of nidogen, lead to defects in optic cup 
morphogenesis. It will be interesting to investigate whether the developing optic cup can 
still properly adhere to the ECM which remains in the absence of neural crest cells, as 
basement membrane assembly is likely required for adhesions to form at the correct time 
and place during optic cup morphogenesis. Further, growth factors and signaling 
molecules such as FGFs and BMPs are regulated through deposition into the ECM, and 
correct assembly of the basement membrane may be required to properly regulate these 
signaling pathways during optic cup morphogenesis; these will be interesting signaling 
pathways to investigate in the context of disrupted basement membrane assembly. 
 
Materials and methods 
Zebrafish lines 
Embryos from the following mutant and transgenic lines were raised at 28.5°C 
and staged according to hours postfertilization and morphology (Kimmel et al., 1995).  
• Mutant alleles: tfap2ats213;foxd3zdf10 (Arduini et al., 2009); nid1bsa13713 and 
nid2asa15802 (Kettleborough et al., 2013). The alyronz24 allele contains a C to A 
transversion in the coding sequence of the paf1 gene, resulting in a premature stop 
mutation at tyrosine 281 (Y281*) (Mick Jurynec and David Grunwald, personal 
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communication). 
• Transgenic alleles: Tg(sox10:memRFP) vu234 (Kirby et al., 2006), 




Construction of Nid1a transgenic lines 
Tg(hsp70:lyn-mCherry-2A-WT-Nid1a), a.k.a. hs:WT-Nid1a and Tg(hsp70:lyn-
mCherry-2A-DI-Nid1a), a.k.a. hs:DI-Nid1a were generated using Gateway (Invitrogen) 
recombination. IMAGE Clone ID 8000296 (GE Dharmacon) was used as the template to 
PCR amplify cDNAs encoding wildtype and dominant-interfering Nid1a; these were 
ligated into pCS2FA prior to Gateway cloning. PCR primers were used to introduce the 
PTV-2A peptide (Provost et al., 2007) on the 5’ end, and the SV40 late poly-adenylation 
signal on the 3’ end of the zebrafish nid1a cDNA. Gateway 3’ entry clones were 
generated via BP recombination and subsequently LR recombined into the pDEST-Tol2-
CG2 destination vector which contains an myl7:EGFP expression cassette as a 
transgenesis marker (Kwan et al., 2007). Plasmid DNA (25 pg) was microinjected along 
with 50 pg mRNA encoding Tol2 transposase into single-cell wildtype embryos and 
screened for myl7:EGFP expression. Fluorescent embryos were raised to adulthood and 





Embryos were transferred from a 28.5°C incubator and immediately overlaid with 
fresh, preheated 39°C E3. Embryos were incubated at 39°C for one hour on an 
Echotherm heating plate (Torrey Pines Scientific). Embryos were then transferred back to 
a 28.5°C incubator and grown to the indicated stage. 
 
Allele identification/genotyping 
All mutant alleles were PCR genotyped using either CAPS or dCAPS techniques 
(Neff et al., 1998). tfap2ats213: Forward (5’-
CGCTCAGGTCTTATAAATAGGCTACTAATAATGTTAC-3’), Reverse (5’- 
CTGAGAGGTGGCTATTTCCCGTTAAGATTCG-3’), mutant allele is cut with BlpI. 
foxd3zdf10: dCAPS Forward (5’-
CGACTGCTTCGTCAAGATCCCACGGGAACCGGGCAACCCGGGCAAAGGCAA
CTACTGGACCCTCGACCCCCAGTCGGAAAATAT-3’), Reverse (5’-
CAGGGGGAATGTACGGGTACTGC-3’), mutant allele is cut with SspI. 
paf1z24: Forward (5’-GTTCAGAGGTATGATGGATGAGG-3’), Reverse (5’-
GTATGCAGCTTTATGAAAACACTC-3’), wildtype band is cut with NspI. 
nid1bsa13713: Forward (5’-ATCTGGGCAGTCCTGAAGGAATCGCC-3’), dCAPS 
Reverse (5’- 
GCACATTCTGGAGCTCATTCTGATTCTGATTTTAAACGTTCGCGCTGCTCTACT






GATCTGTACAGTGAGCGTTTAGACTGCAGT-3’), mutant allele is cut with ScaI. 
 
RNA synthesis and injections 
Capped mRNAs were synthesized using linearized pCS2 templates (pCS2-EGFP-
CAAX, pCS2FA-H2A.F/Z-mCherry), the mMessage mMachine SP6 kit (Ambion), 
purified (Qiagen RNeasy Mini Kit) and ethanol precipitated. One-cell stage embryos 
were microinjected with 150-250 pg of each mRNA. EGFP-CAAX mRNA was injected 
to visualize cell membranes, H2A.F/Z-mCherry mRNA was injected to visualize nuclei. 
 
Antibody staining 
 Embryos were fixed at the indicated stage in 4% paraformaldehyde, 
permeabilized in PBST (PBS+0.5% Triton X-100), and blocked in PBST + 2% bovine 
serum albumin. Antibodies and concentrations are as follows: anti-Pax2a (Genetex 
GTX128127), 1:200; anti-pSmad3 (Abcam, ab52903), 1:200; anti-Nidogen/Entactin 
(Abcam, ab14511), 1:100; anti-Laminin 1 (Sigma, L9393), 1:100; anti-Fibronectin 
(Sigma, F3648), 1:100; anti-GFP (Invitrogen, A10262), 1:200. Secondary antibodies used 
were Alexa Fluor 488 goat anti-mouse (Life Technologies, A-11001), Alexa Fluor 488 
goat anti-rabbit (Life Technologies, A-11008), Alexa Fluor 488 goat anti-chicken 
(Invitrogen A-11039) and incubated at 1:200. Nuclei were detected by incubation with 1 
µM TOPRO-3 iodide (Life Technologies, T3605). Embryos were cleared through a series 
of 30%/50%/70% glycerol (in PBS) for imaging.  
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In situ hybridization 
 Embryos were fixed at the indicated stage in 4% paraformaldehyde overnight at 
4°C and dehydrated in 100% methanol. Color in situ hybridizations were performed 
similar to (Thisse and Thisse, 2008). Fluorescent in situ hybridizations were carried out 
as described previously (Lauter et al., 2014; Leerberg et al., 2017). Anti-GFP labeling 
and detection was performed after in situ hybridization and tyramide signal amplification. 
 In situ probes were synthesized from linearized pBluescript II SK+ templates 
(pBSII-Nid1a, pBSII-Nid1b, pBSII-Nid2a, pBSII-Nid2b) using T3 or T7 polymerases 
and DIG labeling mix (Roche, 11277073910). All four probe sequences were synthesized 
(IDT gBlocks) and ligated into pBluescript II SK+. 
 
Light microscopy 
 For timelapse imaging, 12 hpf embryos were embedded in 1.6% low-melt agarose 
(in E3) in DeltaT dishes (Bioptechs, #0420041500 C), E3 was overlaid and the dish 
covered to prevent evaporation. For antibody stained or fluorescent in situ hybridization 
imaging, embryos were embedded in 1% low-melt agarose (in PBS) in Pelco glass-
bottom dishes (Ted Pella, #14027), PBS was overlaid to prevent evaporation. 
 Confocal images were acquired using a Zeiss LSM710 laser scanning confocal 
microscope. For timelapse imaging, datasets were acquired using the following 
parameters: 63 z-sections, 2.10 µm z-step, 40x water-immersion objective (1.2 NA). 
Time between z-stacks was 2.5 minutes. For all timelapse and antibody imaging, datasets 
were acquired without knowledge of embryo genotype. Embryos were de-embedded and 
genotyped after imaging was completed.  
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Brightfield images were acquired using an Olympus SZX16 stereomicroscope 
with either an Olympus DP26 or UC90 camera. 
 
Transmission electron microscopy 
 Embryos (24 hpf) were fixed, stained and embedded using the microwave-
assisted tissue processing protocol described in (Czopka and Lyons, 2011). Tails were 
dissected from embryos prior to fixation and used for genotyping. 
 Our tissue sampling and analytical techniques have been described previously in 
detail (Anderson et al., 2011a, 2011b; Lauritzen et al., 2013; Marc et al., 2014, 2013). 
 The tissues were osmicated for 60 minutes in 0.5% OsO4 in 0.1 M cacodylate 
buffer, processed in maleate buffer for en bloc staining with uranyl acetate, and processed 
for resin embedding. The epoxy resin bloc with zebrafish tissue was sectioned in the 
horizontal plane at 70–90 nm onto polyvinyl formal resin coated gold slot grids for 
transmission electron microscopy (TEM) (Lauritzen et al., 2013; Marc and Jones, 2002). 
 Each TEM section was imaged on a JEOL JEM-1400 transmission electron 
microscope at 20,000x and stored in 16- and 8-bit versions, as well as image pyramids of 
optimized tiles for web visualization with the Viking viewer (Anderson et al., 2011a, 
2011b). Each image was captured as an array of image tiles at roughly 500-800 tiles/slice 
with 15% overlap. 
 
Image processing and analysis 
 Images were processed using ImageJ. Volume rendering was performed using 
FluoRender (Wan et al., 2009). For lateral view 3D rendering of the optic cup, the 
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ectoderm was digitally erased in ImageJ prior to visualization in FluoRender. 
Invagination angles were measured as previously described (Bryan et al., 2016) and 
shown in Fig 3.2G. Individual cell tracking was performed as described in (Kwan et al., 





Figure 3.1. Neural crest is in contact with the optic vesicle throughout optic cup 
morphogenesis. Live imaging time series from 12.5-24.5 hpf of a Tg(bactin2:EGFP-
CAAX);Tg(sox10:memRFP) double transgenic embryo. (A-D) Dorsal view, single 
confocal sections from a 4D dataset. (A’-D’) Lateral view, 3D rendering of the RFP 
channel from the same dataset as shown in (A-D). Orange arrowheads in A, A’ indicate 
neural crest cells beginning to express memRFP. White arrowhead in D indicates retinal 
pigment epithelium between neural crest and neural retina. White arrow in D’ indicates 
neural crest-derived cells entering the optic fissure. Scale bar, 50 µm. ov, optic vesicle; 
os, optic stalk; nr, neural retina; rpe, retinal pigment epithelium; le, lens; op, olfactory 
placode. M, medial; L, lateral; D, dorsal; V, ventral; N, nasal; T, temporal. 
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Figure 3.2. Optic cup morphogenesis is disrupted in neural crest mutants. (A-F) Dorsal 
view, single confocal sections of 24 hpf Tg(sox10:memRFP)-positive control (A, D), 
tfap2a;foxd3 double mutant (B, E), and paf1 mutant embryos. Sections shown are at the 
dorsal/ventral midpoint of the lens. EGFP-CAAX was used to visualize optic cup 
morphology: embryos in A/D and B/E were also Tg(bactin2:EGFP-CAAX)-positive, 
while the paf1 mutant shown in C/F was injected with mRNA encoding EGFP-CAAX. 
White outline in (E) shows the boundaries of the optic cup and lens, as shown in (B). 
White arrowheads in (B, C) denote the nasal retina failing to fully enwrap the lens in 
tfap2a;foxd3 and paf1 mutants, respectively. (G) Quantification of invagination angles, 
measured as shown in the inset diagram. *P<0.0001 using the student’s t-test. (H-M) 
Lateral view, 3D renderings of the embryos shown above in (A-F). Blue dashed lines 
mark the margins of the optic fissure. Note the wideset margins of the optic fissure in the 
tfap2a;foxd3 mutant in (I); no discernable margins are visible in the paf1 mutant at 24 
hpf. White asterisks in (L, M) indicate regions of missing neural crest cells. (N, O) 
Brightfield images of 52 hpf control and tfap2a;foxd3 double mutant embryos. Red 
arrows in (I, J, O) indicate coloboma. (P) Quantification of coloboma percentages across 
three clutches of tfap2a;foxd3 double heterozygote incrosses. Scale bars: 50 µm in (A), 






Figure 3.3. At 24 hpf, tfap2a;foxd3 mutants display normal TGF-beta signaling, while 
Pax2a expression expands into the RPE. (A-D) Dorsal view, single confocal sections of 
24 hpf control (A, C) and tfap2a;foxd3 double mutant (B,D) optic cups stained with anti-
phospho-Smad3. Sections shown are at the dorsal/ventral lens midpoint. (E-H) Lateral 
view, 3D renderings of 24 hpf control (E, G) and tfap2a;foxd3 double mutant (F,H) optic 
cups stained with anti-Pax2a. White dashed circles denote the boundary of the optic cup, 
yellow dashed circles display the boundary of the lens. Orange arrowheads in (F, H) 
indicate RPE cells which ectopically express Pax2a. Nuclei were counterstained with TO-
PRO-3 (magenta); merges shown in (C, D, G, H). M, medial; L, lateral; D, dorsal; V, 
ventral; N, nasal; T, temporal. 
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Figure 3.4. Cell movements throughout the optic cup are disrupted in tfap2a;foxd3 double 
mutants. Live imaging time series of optic cup morphogenesis from 12.5-24.5 hpf of 
Tg(bactin2:EGFP-CAAX) wildtype and tfap2a;foxd3 double mutant embryos. All images 
display the EGFP-CAAX channel to visualize cell membranes; embryos were also 
injected with mRNA encoding H2A.F/Z-mCherry to facilitate visualization of nuclei. (A-
B’’’) Dorsal view, single confocal sections from wildtype (A-A’’’) and tfap2a;foxd3 
double mutant (B-B’’’) 4D datasets. (C-H’’’) Average projections of membrane channel 
through ~60 µm centered at the dorsal/ventral midpoint of the optic vesicle with indicated 
cell trajectories (nasal RPE, nasal retina, or temporal retina) overlaid. Trajectories were 
generated by adding nuclear signal selections over time. Scale bar, 50 µm. M, medial; L, 







Figure 3.5. Nidogen 1b and 2a are expressed in the neural crest and developing lens. In 
situs were performed in Tg(sox10:GFP) embryos at 18 (A-A’’, C-C’’) and 24 hpf (B-B’’, 
D-D’’). (A-D) Fluorescence in situ hybridization with probes against nid1b (A,B) and 
nid2a (C,D). (A’-D’) FISH merged with sox10:GFP expression (green) to visualize 
colocalization between FISH and GFP+ neural crest cells (white arrowheads). GFP signal 
was amplified after hybridization using an anti-GFP antibody. (A’’-D’’) FISH merged 
with nuclei counterstained with TO-PRO-3. Yellow arrows denote lens expression in 




Figure 3.6. Nidogen protein is absent from the RPE side of the optic cup in tfap2a;foxd3 
double mutants. At 18 hpf, nidogen protein is detected by immunofluorescence in neural 
crest cells between the brain and developing RPE in the optic stalk furrow (A, magnified 
in A’). This expression is missing in tfap2a;foxd3 double mutant embryos at 18 hpf and 
there are no cells visible in the same space (B, magnified in B’). At 24 hpf in control 
embryos, a nidogen ECM surface is detectable on along both the RPE (yellow box in C, 
yellow arrow in C’) and at the lens-retina interface (C, C’’, blue arrowhead). In 24 hpf 
tfap2a;foxd3 double mutants, nidogen is not detectable along the RPE (D’, yellow 
arrow), but is still present in the ECMs at the lens-retina interface (D’’, blue arrowhead). 




Figure 3.7. The basement membrane around the RPE is disrupted in tfap2a;foxd3 double 
mutants. Transmission electron microscopy was used to visualize the basement 
membranes around the brain, RPE, neural retina, and lens in 24 hpf control (A-D) and 
tfap2a;foxd3 double mutant embryos. The basement membrane around the RPE of 
tfap2a;foxd3 mutant embryos appears disorganized (F, red arrow), while all other 
basement membranes appear normal (black arrowheads). Scale bar, 200 nm. br, brain; nc, 
neural crest cell; nr, neural retina; rpe, retinal pigment epithelium; le, lens. All images are 
transverse sections, anterior views. M, medial; L, lateral. 
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Figure 3.8. Dominant-interfering nidogen disrupts optic cup morphogenesis. (A) Protein 
schematics of full length (WT-Nid1a) and dominant-interfering (DI-Nid1a) forms of 
nidogen 1a. (B-D’) Dorsal view, single confocal sections. Tg(bactin2:EGFP-CAAX) 
females were outcrossed to either hs:WT-Nid1a (B-C’) or hs:DI-Nid1a (D, D’) transgenic 
males. Control embryos (B, B’) were not heat-shocked and show no lyn-mCherry 
expression, while experimental embryos were heat-shocked from 12-13 hpf (C-D’). (E) 
Quantification of invagination angles, measured as shown in the inset diagram. *P<0.005 
using the student’s t-test. (F, G) Lateral view, 3D renderings. sox10:GFP transgenic 
females were outcrossed to were outcrossed to either hs:WT-Nid1a (F) or hs:DI-Nid1a 
(G) transgenic males, embryos were heat-shocked from 12-13 hpf. GFP-positive neural 
crest cells migrate into the optic fissure in both conditions (white arrowheads). Scale bar, 







Figure 3.9. Overexpression of Nid1a partially rescues optic cup morphogenesis in 
tfap2a;foxd3 double mutants. Dorsal view, single confocal sections from 24 hpf 
Tg(hs:WT-Nid1a)-positive embryos.(A-B’) EGFP-CAAX and lyn-mCherry channels 
from wildtype (A, A’) and tfap2a;foxd3 double mutant (B, B’) embryos which were not 
subjected to a heat-shock. (C-D’) EGFP-CAAX and lyn-mCherry channels from wildtype 
(C, C’) and tfap2a;foxd3 double mutant (D, D’) embryos which were heat-shocked from 
12-13 hpf. (E) Quantification of invagination angles, measured as shown in the inset 
diagram. *P<0.05 using the student’s t-test; n.s., not significant [P=0.34]. Scale bar, 50 




Figure S3.1. Invagination is disrupted in tfap2a but not foxd3 single mutants. (A-D) 
Dorsal view, single confocal sections of 24 hpf Tg(bactin2:EGFP-
CAAX);Tg(sox10:memRFP) double transgenic foxd3 (A, C) and tfap2a (B, D) mutant 
embryos. Sections shown are at the dorsal/ventral midpoint of the lens. (E) Quantification 
of invagination angles, measured as shown in the inset diagram. *P<0.001 using the 




Figure S3.2. At 24 hpf, tfap2a and foxd3 single mutants display normal TGF-beta 
signaling, while Pax2a expression expands into the RPE. (A-D) Dorsal view, single 
confocal sections of 24 hpf foxd3 mutant (A, C) and tfap2a mutant (B,D) optic cups 
stained with anti-phospho-Smad3. Sections shown are at the dorsal/ventral lens midpoint. 
(E-H) Lateral view, 3D renderings of 24 hpf foxd3 mutant (E, G) and tfap2a mutant (F,H) 
optic cups stained with anti-Pax2a. White dashed circles denote the boundary of the optic 
cup, yellow dashed circles display the boundary of the lens. Orange arrowheads in (E-H) 
indicate RPE cells which ectopically express Pax2a. Nuclei were counterstained with TO-
PRO-3 (magenta); merges shown in (C, D, G, H). M, medial; L, lateral; D, dorsal; V, 









Figure S3.4. Laminin and fibronectin localization are unaffected in tfap2a;foxd3 double 
mutants. At 24 hpf, both laminin (A-D) and fibronectin (E-H) are found around the 
developing optic cup in all genotypes shown. Dorsal view, single confocal sections. Scale 
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 CHAPTER 4 
 
INVESTIGATIONS INTO THE CELL BIOLOCAL PROCESSES 
UNDERLYING OPTIC CUP INVAGINATION 
 
Abstract 
 Tissue morphogenesis is regulated by a wide variety of cell biological processes 
and signaling pathways. Vertebrate optic cup morphogenesis utilizes many of the same 
mechanical programs as other tissues, such as actomyosin mediated constriction and 
adhesion to the extracellular matrix. The extracellular matrix protein laminin is required 
for proper morphogenesis of the optic cup, and disruptions to cell-matrix adhesions result 
in severe malformations of the eye. We sought to understand which laminin receptors are 
required for optic cup morphogenesis and how laminin-mediated adhesions signal to the 
developing eye to drive morphogenetic movements. Laminin is required to establish 
proper apicobasal polarity within the optic cup, and mutants lacking laminin develop 
ectopic specification of apical polarity throughout the eye. Double mutants lacking both 
laminin and core components of the apical polarity complex still exhibit severe 
morphogenesis defects, indicating that the formation of ectopic polarity is not the 
underlying cause of these defects. We also attempted to bypass a requirement for laminin 
in basal constriction of the developing retina using mutants that exhibit excessive myosin 
activation; these experiments were inconclusive but suggest that laminin is 
 86 
absolutely necessary for basal constriction and cannot be bypassed. Finally, in our search 
to identify new cell biological processes required for morphogenesis, we identified and 




 Development of every organ depends on a myriad of cell biological processes 
which coordinate dynamic cellular and tissue movements. Disruptions to any of these 
processes can alter the cellular behaviors that are critical for formation of a functional 
organ or entire portions of an organism. However, the extent to which any given process, 
pathway or individual molecule contributes to a developmental program is often not well 
understood. While many of the pathways that are required for optic cup morphogenesis 
are known, much is yet to be discovered regarding how the vertebrate eye takes its 
functional, semispherical shape. 
 We and others have shown previously that development of the optic cup is 
dependent on the presence of the extracellular matrix protein laminin-1 (Bryan et al., 
2016; Ivanovitch et al., 2013; Sidhaye and Norden, 2017). Laminin is required for many 
phases of morphogenesis, and its absence causes defects in both early and late 
morphogenetic movements. At a molecular level, laminin affects integrin-mediated cell-
ECM adhesion in divergent, site specific fashions. During optic cup elongation, laminin 
promotes cell-ECM adhesion at the optic stalk furrow between the brain and optic 
vesicle. In contrast, at the lens-neural retinal interface during invagination, laminin 
appears to prevent excess adhesion to the ECM. Laminin is also required to establish 
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apicobasal polarity in the optic vesicle (Ivanovitch et al., 2013), and mutants lacking 
laminin establish ectopic apical domains throughout optic cup morphogenesis, indicating 
that apicobasal polarity does not revert to a normal state in the absence of laminin (Bryan 
et al., 2016). 
 The apical polarity complex is comprised of the three main proteins Par3, Par6 
and aPKC, and is involved in many cell biological processes, including membrane 
trafficking (Bryant et al., 2010), oriented cell divisions (Bergstralh et al., 2013), and cell 
differentiation (Blasky et al., 2014), among others. The apical polarity complex can also 
regulate morphogenesis, both on a tissue-wide scale (Horne-Badovinac et al., 2001; 
Wang et al., 2012) and at a subcellular scale (Jones and Metzstein, 2011). Since the 
apical complex is involved in tissue morphogenesis, we suspected that aberrant optic cup 
morphogenesis that occurs in the absence of laminin may be due to the establishment of 
incorrect apical polarity domains within the optic cup, and set out to test this possibility 
through mutant analysis and epistasis experiments. 
 Several sites throughout the optic cup undergo specific constriction events which 
are primarily localized to the basal, ECM interacting surface of the neuroepithelium; this 
is in contrast to most epithelial contraction events which primarily undergo apical 
constriction (Martin and Goldstein, 2014). These basal constriction events are contingent 
on ECM attachment (Bogdanović et al., 2012; Gutzman et al., 2008; Martinez-Morales et 
al., 2009; Nicolás-Pérez et al., 2016), and are dependent on nonmuscle myosin II activity 
(Gutzman et al., 2015; Nicolás-Pérez et al., 2016). Cell-ECM attachments drive myosin 
activation through integrin-dependent focal adhesions (Akhtar and Streuli, 2013; He et 
al., 2010; Khyrul et al., 2004), which are disrupted in the developing optic cup of laminin 
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mutants. We sought to test whether hyperactivation of myosin could drive basal 
constriction events in the absence of the laminin ECM. 
 In addition to the cellular events which occur within the neuroepithelium itself, 
we also have described a role for extraocular tissues in regulating optic cup 
morphogenesis. The migratory cranial neural crest is required for the correct tissue 
movements that shape the eye, and we therefore sought to determine whether there were 
discrepancies in neural crest migration in the absence of laminin which could account for 
the severity of optic cup morphogenesis defects in the laminin mutant. 
 While many of the cellular processes that regulate optic cup morphogenesis have 
been described, other aspects have yet to be identified or explained. For example, 
physical connections between the neural retina and lens placode are required for lens 
morphogenesis; these are mediated by extracellular matrix molecules such as fibronectin 
(Huang et al., 2011) or through cytoskeletal elements such as filopodia (Chauhan et al., 
2009). While adhesions and physical connections are necessary for these tissues to 
develop correctly, it is also important for these tissues to separate at the correct time in 
order for their development to proceed properly. Here we describe the O15 mutant which 
does not undergo proper de-adhesion of the lens and retina during optic cup 
morphogenesis, and identify the precise genetic lesion in this mutant. 
 
Results 
Dystroglycan is not required for polarization of the optic cup 
 The lama1UW1 mutant zebrafish displays variable disruptions to apical polarity, 
with the most common being establishment of ectopic apical surfaces throughout the 
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embryonic optic cup (Bryan et al., 2016). There are two primary receptor complexes 
which link epithelia to the laminin extracellular matrix: integrin-containing focal 
adhesions, and the dystroglycan complex. Deletions of focal adhesion components such 
as ILK and integrin-b1 have been observed to disrupt epithelial polarization (Akhtar and 
Streuli, 2013). Additionally, deletions of dystroglycan have been observed to affect 
apical-basal polarity in Drosophila oocytes and chick neuroepithelia (Deng et al., 2003; 
Schröder et al., 2007). Therefore, we hypothesized that the disruptions to apical polarity 
we observed in the absence of laminin were due to an absence of signaling through either 
of these receptor complexes, either alone or acting in concert. 
 To test the role of dystroglycan in establishing apical-basal polarity, we turned to 
the dag1sa11376 mutant allele. This allele contains a point mutation that results in a 
premature stop codon (Kettleborough et al., 2013), and thus we predicted these mutants 
would not express any functional, full length dystroglycan protein. We incrossed 
heterozygous adult dag1sa11376 carriers to generate wildtype and mutant embryos, then 
fixed and stained these embryos at 24 hpf to visualize dystroglycan protein and the apical 
polarity protein aPKC. Wildtype embryos display essentially uniform distribution of 
dystroglycan protein around the basal surfaces of the optic cup (Fig 4.1A). As we 
predicted, dag1 mutant embryos did not express any detectable dystroglycan protein at 24 
hpf (Fig 4.1B). However, apical polarity was unchanged in the dag1 mutants compared to 
their wildtype siblings (Fig 4.1A-B), as aPKC expression was still detected at the apical 
surface of the optic cup and midline of the brain in both conditions. This result indicates 
that dystroglycan is not required for establishing apical-basal polarity within the optic 
cup. 
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Disruptions to the apical polarity complex do not rescue the lama1 
mutant phenotype 
 The lama1 mutant displays aberrant apical polarity domains at sites throughout 
the neural retina, as well as at the basal surface of the optic cup. Previous studies have 
demonstrated a role for the apical polarity complex in regulating morphogenesis, both at 
a subcellular and a tissue-wide level (Horne-Badovinac et al., 2001; Jones and Metzstein, 
2011; Lerner et al., 2013; Martin-Belmonte and Mostov, 2008). Therefore we predicted 
that the optic cup morphogenesis defects we observed in the absence of laminin were 
partially due to the ectopic apical surfaces we observed in these mutant embryos. To test 
this hypothesis, we generated two double mutants with lama1UW1 and components of the 
apical polarity complex: prkci, which encodes the protein aPKC, and pard3. 
We used antibody staining against aPKC to observe apical polarity and optic cup 
development in embryos from a lama1;prkci double heterozygote incross at 24 hpf. 
Sibling control embryos displayed normal apical surfaces within the optic cup (Fig 4.2A), 
while lama1UW1 mutants displayed characteristic ectopic apical polarity domains within 
the center of the neural retina (Fig 4.2C, yellow arrowheads). In 24 hpf prkci mutant 
embryos, we detected lower levels of aPKC protein, but still observed localization of 
aPKC to normal apical surfaces within the optic cup (Fig 4.2B), in addition to 
morphologically normal optic cups (Fig 4.2B’). This finding is consistent with the initial 
characterization of the prkcim567 mutant which demonstrated that maternally deposited 
aPKC is present within these embryos and is still detectable beyond 24 hpf (Horne-
Badovinac et al., 2001). In lama1;prkci double mutant embryos, we detected decreased 
levels of aPKC protein at the normal apical surface of the optic cup, but to our surprise 
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did not observe any ectopic apical surfaces in these embryos (Fig 4.2D). However, while 
the apical surfaces were returned to a normal state in these embryos, we did not observe 
rescue of the optic cup morphogenesis defects that are characteristic of loss of lama1.  
Due to the maternal deposition of apical polarity mRNAs and proteins in these 
embryos, we also used a maternal-zygotic mutant for pard3 which has no deposition of 
functional pard3 mRNA or protein to determine whether complete ablation of the apical 
complex is capable of rescuing the morphogenesis defects we observe in lama1 mutants. 
pard3fh305 mutant embryos are viable to adulthood and fertile (Blasky et al., 2014), which 
enabled us to generate lama1+/-;pard3-/- adults, which we then incrossed to generate 
lama1;MZpard3 double mutant embryos. We injected mRNA encoding EGFP-CAAX 
into these embryos, as well as control MZpard3 embryos to visualize optic cup structure 
at the end of optic cup morphogenesis at 24 hpf. Surprisingly, MZpard3 embryos 
displayed normally formed optic cups at 24 hpf (Fig 4.3A), while the optic cups of 
lama1;MZpard3 double mutant optic cups morphologically resembled the optic cups of 
lama1 single mutants (Fig 4.3B). Together, these results demonstrate that not only are the 
ectopic apical surfaces that are generated in lama1 mutant optic cups not the underlying 
cause of the disruptions to optic cup morphogenesis we observe in these embryos, but 
that the apical polarity complex is dispensable for optic cup morphogenesis. 
 
Hyperactivating myosin II does not rescue basal constriction in 
lama1 mutants 
 During normal zebrafish optic cup morphogenesis, the basal surface of the neural 
retina undergoes actomyosin mediated constriction which helps drive the cellular and 
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tissue shape changes during invagination. Recent work has demonstrated that basal 
constriction within the optic cup, as well as at the developing midbrain-hindbrain 
boundary, depends on the presence of a laminin ECM at both sites, and that actomyosin 
contractility is lost when laminin is depleted at either site (Gutzman et al., 2015, 2008; 
Nicolás-Pérez et al., 2016). We hypothesized that since laminin appears to be required for 
activation of nonmuscle myosin II mediated constriction during optic cup invagination, 
ectopic activation of that myosin may bypass a need for laminin. 
 To test this hypothesis, we generated lama1UW1;mypt1hi2653 double mutants. mypt1 
encodes Mypt1 (also known as Ppp1r12a), a subunit of myosin phosphatase, and the 
mypt1hi2653 mutant allele contains a retroviral insertion (Amsterdam et al., 2004). Myosin 
phosphatase regulates the activation state of myosin regulatory light chain, which when 
phosphorylated is in its active, contractile state. When Mypt1 is lost, myosin phosphatase 
is rendered nonfunctional, which in turn leads to hyperactivation of myosin (Gutzman 
and Sive, 2010; Huang et al., 2008). To our surprise, the optic cups of 24 hpf 
lama1;mypt1 double mutants appear phenotypically indistinguishable from lama1 single 
mutants (Fig 4.4B), while sibling control embryos display normal optic cup 
morphogenesis (Fig 4.4A), and from this we conclude that loss of Mypt1 is insufficient to 
drive basal constriction in the absence of laminin. 
 
Laminin is not required for neural crest cell migration 
 Earlier experiments we conducted showed that neural crest cells migrate over the 
optic cup throughout optic cup morphogenesis. Neural crest cells are required for optic 
cup invagination, and are required for proper basement membrane development around 
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the RPE. While laminin mutations cause optic cup morphogenesis defects earlier than 
invagination stages (Bryan et al., 2016; Ivanovitch et al., 2013), these defects could be 
exacerbated by further disruptions to the extraocular environment such as loss of neural 
crest. Therefore, we wanted to determine whether cranial neural crest migration around 
the optic cup is dependent on the presence of the laminin ECM. 
 To visualize neural crest cells, we used the Tg(sox10:memRFP)vu234 where the 
neural crest cells are labeled with membrane bound RFP. We generated 
lama1UW1;Tg(sox10:memRFP)vu234 adults and incrossed them to visualize neural crest 
cells in lama1 mutants and their wildtype siblings at 24 hpf; embryos were injected with 
mRNA encoding EGFP-CAAX to visualize the optic cup. As our previous experiments 
showed, neural crest cells migrate around the optic vesicle throughout optic cup 
morphogenesis, starting from the dorsal, posterior region of the optic vesicle, and moving 
anteriorly, ventrally and laterally such that they surround the optic cup by 24 hpf. In 24 
hpf wildtype embryos, neural crest cells are visible around the entire optic cup; 
representative dorsal, lens-midpoint and ventral sections are shown in (Fig 4.5 A, C, E), 
respectively. Somewhat surprisingly, neural crest cell migration in the lama1 mutant 
appears to be unaffected by the absence of laminin. In lama1 mutants, neural crest cells 
are detectable around the optic cup at all positions observed in wildtype embryos (Fig 4.5 
B, D, F), demonstrating that by 24 hpf, neural crest cells are capable of migrating to the 
correct location around the optic cup in the absence of laminin. Therefore, laminin is not 




The O15 deficiency spans over 100 genes on chromosome 5 
 The O15 mutation was isolated from a haploid, ENU mutagenesis screen. Both 
haploid and diploid O15 mutants display aberrant lens development: at 24 hpf, under 
brightfield microscopy the lens is not visible (Figure 4.6A, B). Confocal microscopy 
reveals that the lens is indeed still present in these mutants, but that the lens appears to be 
in tight contact with the neural retina at 24 hpf. Over the next several days, the lens 
gradually becomes visible by brightfield microscopy, but these embryos develop other 
mutant phenotypes and are fully paralyzed by 72 hpf and do not survive to adulthood. 
 We sought to identify the genetic lesion which was responsible for these 
phenotypes, and therefore undertook efforts to locate the O15 mutation in the zebrafish 
genome. Through rough mapping, the mutation was found to reside on chromosome 5. 
Further refinement was made possible by performing RNA-seq on wildtype and mutant 
embryos, and comparing them using the MMAPPR software package pipeline (Hill et al., 
2013) using the zebrafish Zv9 genome assembly. Prior uses of MMAPPR identified both 
known and unknown nonsense point mutations, which is what we expected to find in the 
O15 mutant. Much to our surprise, MMAPPR detected a large segment of chromosome 5 
where the RNA-seq read depth was depleted, suggestive of a large deletion. 
 Using genomic DNA from O15 mutants and wildtype siblings, as well as PCR 
primers designed against both the 5’ and 3’ sides of the deletion, we amplified multiple 
loci in an effort to approach and map across the breakpoint. When we identified primer 
pairs which amplified using wildtype DNA but failed to amplify from mutant DNA, we 
reasoned that one of the two primers targeted a sequence which was missing in the 
deletion. Finally, we identified a primer pair which amplified from mutant DNA but not 
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wildtype DNA. After TOPO cloning and sequencing this amplicon, we identified a 
molecular lesion spanning a large portion of chromosome 5 (Figure 4.6C). The 5’ end of 
the amplicon mapped to the first intron of the si:dkey-245n4.2 gene, while the 3’ end of 
the amplicon mapped over 9 megabase pairs down chromosome 5 within intergenic space 
between the slc14a2 and lnpep genes. Using the GRCz10 zebrafish reference genome, the 
5’ end of the O15 deficiency maps to chromosome 5 at position 42,469,846 bp, and the 3’ 
end maps to 51,532,989 bp for a total deletion of 9,063,143 bp; 22 base pairs are present 
between these endpoints, and appear to be the product of nonhomologous end joining as 
they have no homology to any portion of chromosome 5. Over 100 genes are contained 
within this region of the genome and are lost in the O15 mutation. With the molecular 
breakpoint known, we can classify O15 as a deficiency and hereby notate it as 
Df(Chr05:O15). Additionally, with the sequence for the genetic lesion, we are able to 
conclusively genotype any embryo as wildtype, heterozygous or mutant for 
Df(Chr05:O15) (Figure 4.6D). 
 
Discussion 
Development of the vertebrate optic cup requires a careful balance of many cell 
biological processes ranging from precise signaling events across tissues to cytoskeletal 
remodeling within specific subcellular regions. Understanding how the eye takes its 
shape necessarily involves taking all these events into account and trying to understand 
how these processes can feed into each other or act in independent pathways. The broad 
goal of this work has been to understand how the tissue-wide cell adhesion programs that 
are required during optic cup morphogenesis feed into intracellular processes such as 
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apicobasal polarity or myosin activation. 
 
Dystroglycan is not required to establish optic cup polarity 
The laminin receptor dystroglycan has previously been shown to play a role in 
establishing apicobasal polarity in Drosophila oocytes (Deng et al., 2003) and breast 
cancer cells in culture (Muschler et al., 2002). Therefore, we predicted that dystroglycan 
would be required for apical polarity establishment in the zebrafish optic cup. However, 
dag1 mutant zebrafish form phenotypically wildtype optic cups with a normal apical 
polarity domain. This result does not conclusively demonstrate that dystroglycan is 
insufficient to polarize the optic cup after laminin binding, but does illustrate that 
dystroglycan protein is not strictly required for apical-basal polarity. There are two 
remaining possibilities for how polarity is established in the eye. Integrin-dependent focal 
adhesion signaling is critical to establish polarity in several cell culture systems (Akhtar 
and Streuli, 2013; Khyrul et al., 2004), and provides one possible mechanism by which 
optic cup polarity could be established completely independently of the dystroglycan 
complex. Alternately, signals downstream of both integrins and dystroglycan could work 
independently to establish polarity within the eye, and it is possible that the signals from 
one are sufficient to establish polarity in the absence of the other. To distinguish between 
these possibilities, it will be necessary to disrupt focal adhesion function, either alone or 
together with the dag1 loss of function mutant. It will be interesting to perturb the focal 




Loss of a myosin deactivator does not rescue basal constriction  
defects that arise in the absence of laminin 
Attachment to the ECM is required for basal constriction within the developing 
optic cup (Bogdanović et al., 2012; Martinez-Morales et al., 2009; Nicolás-Pérez et al., 
2016) and the zebrafish midbrain-hindbrain boundary (Gutzman et al., 2008). Further, 
basal constriction at both sites requires nonmuscle myosin II activation (Gutzman et al., 
2015; Nicolás-Pérez et al., 2016). Therefore, we predicted that the basal constriction 
events within the developing retina are driven through ECM-attachment mediated 
activation of these actomyosin networks. We tested whether activation of nonmuscle 
myosin II through loss of function of mypt1, which encodes a myosin phosphatase, could 
rescue basal constriction in the absence of laminin. However, the lama1;mypt1 double 
mutants we generated presented with the lama1 mutant phenotype at 24 hpf, indicating 
that the mypt1 mutation cannot rescue basal constriction in the absence of laminin. This 
result suggests multiple possibilities: first, that the level of nonmuscle myosin II 
activation that occurs in the absence of Mypt1 is not sufficient to drive basal constriction 
of the optic cup of lama1;mypt1 double mutants. A second possibility is that in the 
absence of laminin, nonmuscle myosin II is not phosphorylated in the first place, and thus 
loss of Mypt1 cannot lead to prolonged activation of the myosin regulatory light chain 
and subsequent contractility. Yet another possibility is that in the double mutants studied 
here, nonmuscle myosin II localization is not restricted to the correct, basal subcellular 
compartment required for basal constriction to occur. A careful analysis of antibody 
staining against phosphorylated myosin, or live imaging using a fluorescently labelled 
myosin will help distinguish these possibilities. 
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Laminin is not required for neural crest cell migration 
 Experiments detailed in Chapters 2 and 3 of this dissertation have demonstrated 
that optic cup morphogenesis depends on the laminin extracellular matrix, as well as 
neural crest cells that migrate around the developing optic cup and modify the 
surrounding ECM. We suspected that some of the optic cup morphogenesis defects we 
observe in lama1 mutants could be the result of aberrant neural crest migration. To test 
this possibility, we crossed lama1 mutants with sox10:memRFP transgenic zebrafish 
where the neural crest cells are labelled with membrane-bound RFP. To our surprise, 
neural crest migration appears to be unaffected by loss of laminin: in 24 hpf 
lama1;sox10:memRFP embryos, while the optic cup is severely malformed, neural crest 
cells have migrated to normal positions around the optic cup. While analysis at the end of 
optic cup morphogenesis does not rule out the possibility that neural crest cell migration 
is disrupted at earlier stages of development, the presence of neural crest cells in the 
correct places around the optic cup at the end of optic cup morphogenesis argues against 
this. 
 
The O15 deficiency provides a new tool to study de-adhesion 
Cell adhesion is a necessary process for tissues to form correctly, and intertissue 
adhesion is critical for coordination of lens and retinal development. However, these 
tissues must separate and generate the correct spacing to accommodate retinal 
vasculature, as well as to position the lens the correct distance to focus light on the retina. 
How these tissues lose their attachments and become separated from one another is not 
understood, and the zebrafish O15 mutant provides a unique model to study this process. 
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These mutants have little to no space between the lens and retina, and identifying the 
gene or genes regulating the spacing between these tissues is necessary to study this 
process. However, by its very nature as a deficiency, the O15 mutant makes identifying 
genes underlying this process somewhat difficult. The O15 deficiency encompasses over 
100 genes on chromosome 5, several of which are expressed in the developing eye during 
optic cup morphogenesis, and thus are good candidate genes to study their role in this 
process. For example, the versican a (vcana) gene is lost in the O15 deficiency; this gene 
encodes an extracellular matrix protein known to guide cell migration and serve as a 
repulsive molecular boundary during neural crest migration (Szabó et al., 2016). During 
optic cup morphogenesis, vcana is expressed from the developing lens (Thisse et al., 
2001), and thus may serve as a partitioning factor that could drive separation of the lens 
and retina. Another candidate in regulating lens-retina de-adhesion is the col4a3bp gene. 
While col4a3bp protein appears to be ubiquitously expressed during optic cup 
morphogenesis in zebrafish, it is somewhat enriched in the developing eye and col4a3bp 
morphants display microphthalmia (Granero-Moltó et al., 2008). Additionally, 
preliminary experiments from our lab suggest that injecting col4a3bp mRNA into 
presumptive O15 mutants reduces the frequency of the “hidden lens” phenotype by 
approximately 40% (E.O. Wirick and K.M. Kwan, unpublished data). It is possible that 
this de-adhesion process depends on multiple genes and thus the “hidden lens” we 
observe could be the result of several genes required for lens development being absent. 
Over 100 other genes are absent from the genome in the O15 deficiency, and through 
genetic complementation tests with the O15 mutant we can begin testing the individual 
role of any of these genes in de-adhesion or any other processes that gene may regulate. 
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Materials and methods 
Zebrafish lines 
 Embryos from the following mutant and transgenic lines were raised at 28.5-30 
°C and staged according to hours post fertilization and morphology (Kimmel et al., 
1995).  
• Mutant alleles: dag1sa11376 (Kettleborough et al., 2013); lama1UW1 (Semina et al., 
2006); prkcim567 (Horne-Badovinac et al., 2001); pard3fh305 (Blasky et al., 2014); 
mypt1hi2653 (Amsterdam et al., 2004); Df(Chr05:O15).  
• Transgenic allele: Tg(sox10:memRFP)vu234 (Kirby et al., 2006). 
 
RNA synthesis and injections 
Capped mRNA was synthesized using a linearized pCS2 template (pCS2-EGFP-
CAAX), the mMessage mMachine SP6 kit (Ambion), purified (Qiagen RNeasy Mini Kit) 




Embryos were fixed at the indicated stage in 4% paraformaldehyde, 
permeabilized in PBST (PBS+0.5% Triton X-100), and blocked in PBST + 2% bovine 
serum albumin. Antibodies and concentrations are as follows: anti-aPKC (PKC ζ (C-20) 
Santa Cruz Biotechnology #sc-216) was diluted 1:200; anti-beta dystroglycan (Abcam, 
ab49515), 1:100. Secondary antibodies used were Alexa Fluor 488 goat anti-mouse (Life 
Technologies, A-11001), Alexa Fluor 488 goat anti-rabbit (Life Technologies, A-11008), 
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Alexa Fluor 568 goat anti-rabbit (Life Technologies, A-11011), and incubated at 1:200. 
Nuclear detection was through incubation with 1 µM TOPRO-3 iodide (Life 
Technologies, T3605). Embryos were cleared through a series of 30%/50%/70% glycerol 
(in PBS) for imaging. 
 
Imaging 
For live imaging, 24 hpf embryos were embedded in 1.6% low-melt agarose (in 
E3) in DeltaT dishes (Bioptechs, #0420041500 C), E3 was overlaid and the dish covered 
to prevent evaporation. For antibody stained imaging, embryos were embedded in 1% 
low-melt agarose (in PBS) in Pelco glass-bottom dishes (Ted Pella, #14027), PBS was 
overlaid to prevent evaporation. For all timelapse and antibody imaging, datasets were 
acquired without knowledge of embryo genotype. Embryos were de-embedded and 
genotyped after imaging was completed. Confocal images were acquired using a Zeiss 
LSM710 laser scanning confocal microscope, 2.10 µm z-step, 40x water-immersion 
objective (1.2 NA). Images were processed using ImageJ. 
 
O15 deficiency mapping and genotyping 
Genomic DNA was isolated and pooled from multiple O15 mutant or control 
sibling embryos. PCR primers were designed against sequences on either side of the 
predicted genomic lesion. As much of the sequence around the breakpoints is intronic or 
intergenic and contained repetitive sequences, extra care was taken to identify primer 
binding sites that were unique in the zebrafish genome. Platinum Taq polymerase was 
used for PCRs, which enabled us to perform TOPO cloning with any products generated. 
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The initial ~2kbp amplicon which spanned the O15 breakpoint was amplified using the 
following primers: Forward (5’-GTCACTTCTGCAAGCAAAGCAGAAGATTATT-3’), 
Reverse (5’-CTAGGCAAGTTATGGGACAACAGTGGTTTG-3’). We subsequently 
amplified a smaller set of amplicons which can be used to conclusively genotype 
zebrafish at the O15 locus as wildtype, heterozygous mutant or homozygous mutant. 
These amplicons use a common forward primer: (5’-
CAGTGTGTGTTACTGCTTACACAACATG-3’). The wildtype amplicon is 774 bp 
long and is amplified using the reverse primer (5’-
GCACTTTTCTACTCACAACACTTGTTTTTGAAG-3’); the mutant amplicon is 497 





Figure 4.1. Dystroglycan is not required to establish apical polarity within the eye. (A-B) 
Antibody staining for the apical polarity protein aPKC (magenta) and the laminin 
receptor dystroglycan (green) in 24hpf wildtype control (A) or dag1sa11376 mutant 
embryos (B). Dorsal view, single confocal sections from 4D datasets. Scale bar, 50 µm. 
M, medial; L, lateral; N, nasal; T, temporal. 
  
 104 
Figure 4.2. prkci mutations do not rescue optic cup morphogenesis in lama1 mutants. (A-
D) Antibody staining for the apical polarity protein aPKC in 24 hpf control (A), prkcim567 
single mutant (B), lama1UW1 single mutant (C), and lama1UW1;prkcim567 double mutant 
(D) embryos. Green arrowheads denote the normal apical surface in the optic cup; yellow 
arrowheads in (C) indicate ectopic apical surfaces present in the lama1UW1 mutant. (A’-
D’) Embryos were counterstained using TO-PRO-3, images in (A’-D’) show the nuclear 
signal corresponding to the images in (A-D). Anterior view, single confocal sections from 






Figure 4.3. Maternal-zygotic loss of pard3 does not rescue optic cup morphogenesis in 
lama1 mutants. (A-B) Dorsal view, single confocal sections from 4D datasets of 24 hpf 
MZpard3fh305 single mutant (A) or lama1UW1;MZpard3fh305 double mutant (B) embryos 




Figure 4.4. Inducing ectopic nonmuscle myosin II constriction does not rescue optic cup 
morphogenesis in lama1 mutants. (A-B) Dorsal view, single confocal sections from 4D 
datasets of 24 hpf wildtype (A) or lama1UW1;mypt1hi2653 double mutant (B) embryos 
expressing lyn-mCherry. The optic cup is outlined in (B) for visual clarity: the lens is 
outlined in blue, pink outlines the neural retina and RPE. Scale bar, 50 µm. M, medial; L, 




Figure 4.5. Laminin is not required for neural crest migration around the optic cup. (A-F) 
Representative sections from the dorsal (A, B), lens midpoint (C, D), and ventral (E, F) 
optic cups of 24 hpf wildtype (A, C, E) and lama1UW1 mutant (B, D, F) zebrafish 
expressing the sox10:memRFP transgene which labels neural crest cells (magenta). 
Embryos also expressed EGFP-CAAX to visualize all cell membranes (green). Scale bar, 
50 µm. M, medial; L, lateral; N, nasal; T, temporal. 
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Figure 4.6. The O15 deficiency phenotype, genomic location, and genotyping amplicon. 
(A, B) Brightfield images of 24 hpf wildtype sibling (A) and O15 mutant embryos (B). 
Green arrowhead in (A) denotes the lens, while the yellow arrowhead in (B) indicates the 
obscured/hidden lens in the O15 mutant. (C) Overlaid screenshots of Ensembl BLAT 
alignment results using either the 5’ or 3’ end of the sequenced O15 deficiency. Red 
arrows bound the deficiency on chromosome 5. (D) Photograph from my lab notebook, 
dated August 18, 2016. 0.8% TAE gel with results from O15 genotyping PCRs. M = 
mutant sample, with a band only at 497 bp. S = heterozygous sibling sample, with bands 
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Morphogenesis is the dynamic process that generates the stereotypical shape 
required for the function of most organs. The movements that drive organ morphogenesis 
must be tightly regulated, as disruptions to these movements can cause severe defects that 
impair the function of that organ or, in extreme cases, can cause lethality. The vertebrate 
eye, while not strictly necessary for viability, is one such organ where even small 
alterations to the shape can have profound detrimental effects on function. In part due to 
its positioning close to the exterior of the embryo, the optic cup is an excellent model 
system to investigate morphogenetic programs. In turn, lessons learned from the optic 
cup may prove useful to understanding how other organ systems develop. 
We seek to understand the foundational events which are required for 
development of the vertebrate optic cup, and utilize the zebrafish optic cup as a system to 
study the molecules and interactions required for optic cup morphogenesis. The zebrafish 
is optically transparent at early stages which enables live microscopic visualization of the 
cell and tissue movements throughout organ morphogenesis. Zebrafish genetics have 
reached a point where both forward and reverse genetic approaches are viable options to 
identify and characterize genes that are required for these processes. 
Extracellular matrix (ECM) proteins are found surrounding the vertebrate optic 
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vesicle, and using a zebrafish lama1 mutant, we characterized the role of the laminin-a1 
protein during optic cup morphogenesis (Bryan et al., 2016). Briefly, laminin-a1 is 
required for formation and deposition of the heterotrimeric protein laminin-1, and loss of 
this protein causes severe optic cup morphogenesis defects including an ectopically wide 
optic stalk, a flattened retina, and an almond shape lens which undergo degeneration at 
later stages. Laminin-1 normally drives adhesion to the ECM at the constricting optic 
stalk, and somewhat confoundingly, represses retinal adhesions to the ECM. Laminin is 
also required for proper lamination of the neural retina as well as establishment of apical-
basal polarity within the optic cup. 
We attempted to determine the molecular mechanism by which laminin signals to 
polarize the optic vesicle, and determined that the laminin receptor dystroglycan is not 
required to establish polarity within this tissue. However, this does not rule out the 
possibility that dystroglycan could be sufficient to signal to polarize the optic cup in the 
absence of focal adhesions. Investigating the role of focal adhesions in establishing tissue 
polarity, both with and without dystroglycan, would address this possibility and 
conclusively establish which ECM receptors are required for this process. In investigating 
polarity, we also sought to determine whether the ectopic apical surfaces that form in the 
lama1 mutant were the underlying cause of the optic malformations we observed. 
Compound ablation of lama1 and the apical complex member prkci suggested that these 
malformations were not directly caused by establishment of ectopic apical polarity, but 
maternal contributions of aPKC confounded interpretation of these experiments. Instead, 
we turned to a maternal-zygotic pard3 mutant which we combined with the lama1 
mutation. This enabled us to test whether complete ablation of functional apical 
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complexes would have an effect on optic cup morphogenesis, and whether this ablation 
could in turn rescue the morphogenesis defects we observed in the absence of laminin. To 
our surprise, we observed no optic cup malformations in MZpard3 mutants, indicating 
that the apical polarity complex is indeed dispensable for optic cup morphogenesis. 
Additionally, we found that lama1;MZpard3 double mutants displayed the same 
morphogenesis defects we previously observed in lama1 single mutants. From these data, 
we can conclude that laminin is absolutely required for optic cup morphogenesis, and the 
loss of proper apical polarity seen in lama1 mutants does not underlie the morphogenesis 
defects we observe. 
In addition to our efforts to understand the role of specific ECM components, we 
also sought to identify the specific contributions of extraocular tissues during optic cup 
morphogenesis. In particular, our studies centered on how the neural crest subset of 
periocular mesenchymal cells regulate optic cup morphogenesis. Mutants lacking neural 
crest cells display defects in rim movement during optic cup invagination, and aberrant 
choroid fissure formation with subsequent coloboma. To our surprise, we found that 
neural crest cells modify the ECM surrounding the optic cup by depositing the ECM 
protein nidogen. Nidogen primarily serves to crosslink laminin and collagen IV matrices 
and is critical for formation of most basement membranes. We demonstrate that nidogen 
is expressed within neural crest cells and not the optic vesicle, and that neural crest cells 
are required for basement membrane formation along the basal surface of the retinal 
pigment epithelium, likely through deposition of nidogen. Optic cup morphogenesis is 
partially rescued when nidogen is ubiquitously expressed in the absence of neural crest 
cells, which indicates that one of the primary roles of these cells during optic cup 
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morphogenesis is to modify the ECM. 
The work presented in this dissertation demonstrates new and critical roles for the 
extracellular matrix as a regulator of morphogenesis in vivo. The ECM is known to be 
important for many organs to develop, but how interactions with this dynamic and 
complex substrate regulate tissue rearrangements and shape changes is just beginning to 
be understood. Thus, many questions regarding how the optic cup undergoes 
morphogenesis still remain. The ECM surrounding the optic cup is complex and contains 
fibronectin and collagen IV, but the function of either protein in regulating optic cup 
morphogenesis remains unknown. Use of conditional mutant alleles or other interference 
methods will almost certainly need to be used to study these proteins, but they are very 
likely to regulate some aspect of early eye development. How the optic cup itself receives 
and processes the signals from the ECM is also an open question. Actomyosin mediated 
cytoskeletal remodeling occurs in response to cell-ECM adhesion, but how mechanical 
forces are transmitted through the ECM and into the cell, and subsequently processed into 
cellular behaviors, remains to be seen. Finally, an entire population of mesodermal 
mesenchymal cells interacts with the eye during optic cup morphogenesis, but the role of 
these cells during this process remain mysterious. New tools and analytical methods, 
coupled with established mutants, could answer how these cells interact with the 
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